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The Env protein from gibbon ape leukemia virus (GaLV) has been shown to be incompatible with human
immunodeficiency virus type 1 (HIV-1) in the production of infectious pseudotyped particles. This incompat-
ibility has been mapped to the C-terminal cytoplasmic tail of GaLV Env. Surprisingly, we found that the HIV-1
accessory protein Vpu modulates this incompatibility. The infectivity of HIV-1 pseudotyped with murine
leukemia virus (MLV) Env was not affected by Vpu. However, the infectivity of HIV-1 pseudotyped with an MLV
Env with the cytoplasmic tail from GaLV Env (MLV/GaLV Env) was restricted 50- to 100-fold by Vpu. A Vpu
mutant containing a scrambled membrane-spanning domain, Vpug,, was still able to restrict MLV/GaLV Env,
but mutation of the serine residues at positions 52 and 56 completely alleviated the restriction. Loss of
infectivity appeared to be caused by reduced MLV/GaLV Env incorporation into viral particles. The mechanism
of this downmodulation appears to be distinct from Vpu-mediated CD4 downmodulation because Vpu-express-
ing cells that failed to produce infectious HIV-1 particles nonetheless continued to display robust surface
MLV/GaLV Env expression. In addition, if MLV and HIV-1 were simultaneously introduced into the same cells,
only the HIV-1 particle infectivity was restricted by Vpu. Collectively, these data suggest that Vpu modulates

the cellular distribution of MLV/GaLV Env, preventing its recruitment to HIV-1 budding sites.

The gammaretrovirus gibbon ape leukemia virus (GaLV)
has been widely used for gene therapy because of its wide host
cell tropism and nonpathogenicity (1, 6, 10, 12, 13, 20). The
host cell receptor for GaL'V Env has been cloned and identi-
fied as a sodium-dependent phosphate transporter protein (25,
26). Like other retroviruses, GaLV encodes a single transmem-
brane surface glycoprotein (GaLV Env), which is cleaved into
surface (SU) and transmembrane (TM) subunits (Fig. 1). The
TM domain of GaLV Env contains a short 30-amino-acid
C-terminal cytoplasmic tail. Although GaLV Env functions
well when coupled (pseudotyped) with murine leukemia virus
(MLV)-based retroviral vectors, it has been shown to be com-
pletely incompatible with HIV-1 (4, 35). When GaLV Env is
expressed with HIV-1, essentially no infectious HIV-1 particles
are produced (4, 35). The mechanism for this infectivity down-
modulation is unknown, but the component of GaLV Env
responsible for the restriction has been mapped to the cyto-
plasmic tail. Replacing the cytoplasmic tail of GaLV Env with
the equivalent sequence from MLV Env ameliorates the re-
striction. Likewise, replacing the cytoplasmic tail of MLV Env
with that from GaLV Env confers the restriction (4).

Vpu is an 81-amino-acid HIV-1 accessory protein produced
from the same mRNA as the HIV-1 Env gene. The N terminus
of Vpu contains a membrane-spanning domain, followed by a
50-amino-acid cytoplasmic domain. Vpu is unique to HIV-1
and a few closely related SIV strains. The best-characterized
roles for Vpu in the HIV-1 life cycle are modulation of host
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proteins CD4 and tetherin (also known as BST-2, CD317, and
HM1.24) (24, 38, 39). Vpu promotes the degradation of CD4
in the endoplasmic reticulum through a proteasome-depen-
dent mechanism (29). The cytoplasmic tail of Vpu physically
interacts with the cytoplasmic tail of CD4 and recruits the
human B-transducing repeat-containing protein (3-TrCP) and
E3 ubiquitin ligase components to polyubiquitinate and ulti-
mately trigger the degradation of CD4 (18). Two serine resi-
dues at positions 52 and 56 of Vpu are phosphorylated by
casein kinase-2 and are required for CD4 degradation (31, 32).
The membrane-spanning domain of Vpu is not specifically
required for CD4 degradation. A mutant protein containing a
scrambled membrane-spanning sequence, Vpugp, is still able
to trigger the degradation of CD4 (32). The region of CD4 that
is targeted by Vpu is approximately 17 to 13 amino acids from
the C terminus in the cytoplasmic tail (Fig. 1) (2, 15).

In addition to degrading CD4, Vpu has also long been
known to result in enhanced viral release (EVR) in certain cell
lines (14, 36). Recently, the type I interferon-induced host
protein tetherin was identified as being responsible for this
Vpu-modulated restriction (24, 38). In the absence of Vpu,
tetherin causes particles to remain tethered (hence the name)
to the host cell postfission. Although Vpu counteracts the
function of tetherin, the exact mechanism has not been fully
elucidated. However, the mechanism for tetherin antagonism
appears to be distinct from that for modulating CD4. Mutation
of the serines 52 and 56 of Vpu abolish CD4 degradation, but
only reduce EVR activity (5, 17, 21, 32). Some EVR activity
remains even when much of the Vpu cytoplasmic tail is deleted
(30). In addition, many mutations in the membrane-spanning
domain, such as Vpugp, do not affect CD4 degradation and yet
completely abolish EVR activity (27, 30, 37). The critical res-
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FIG. 1. Schematic of MLV Env protein. Sequences are the C-ter-
minal cytoplasmic tails of MLV Env, GaLV Env, and human CD4.
GaLV sequences in boldface are residues that have been shown to
modulate the HIV-1 incompatibility (4). Underlined sequences in CD4
are amino acids required for Vpu-mediated downmodulation (2, 15).
Arrows denote the location of MLV/GaLV tail substitution. SU, sur-
face domain; TM, transmembrane domain.

idues in tetherin for recognition by Vpu appear to be in the
membrane-spanning domain and not the cytoplasmic tail (9,
19, 28). Although B-TrCP is required for complete EVR ac-
tivity, there is no consensus whether the degradation of teth-
erin is proteasome or lysosome mediated (5, 7, 21) or whether
degradation is required at all. In some cases there can be some
EVR activity in the absence of tetherin degradation (17, 22).

We demonstrate here that Vpu is responsible for the incom-
patibility between HIV-1 and GaLV Env. Glycoproteins con-
taining the cytoplasmic tail from GaLV Env are prevented
from being incorporated into HIV-1 particles by Vpu, effec-
tively reducing infectious particle production by 50- to 100-
fold. The serines at positions 52 and 56 are required for this
restriction, but the membrane-spanning domain is not. Al-
though the mechanism for this restriction appears similar to
CD4 degradation, there are apparent differences. Vpu does
not prevent surface expression, and it does not prevent its
incorporation into MLV particles. Therefore, the mechanism
of restriction appears to involve a system that does not rely
directly on global protein degradation.

MATERIALS AND METHODS

Plasmid constructs. The ecotropic Friend MLV Env and yellow fluorescent
protein (YFP)-tagged MLV Env constructs were kindly provided by Walther
Mothes (Yale University) (34). The codon-optimized late domain deficient HIV-1
Gag construct used in scanning electron microscopy (SEM) images has been de-
scribed previously (11). The MLV/GaLV Env expression vectors were constructed
by using oligonucleotide generated linkers to replace the Clal to EcoRI (located 100
nucleotides upstream and just downstream of the stop codon, respectively) fragment
of the parent MLV Env expression constructs. The NLA4-3 derived HIV-CMV-GFP
was kindly provided by Vineet KewalRamani at NCI-Frederick (40). The HIV-1
packaging construct cytomegalovirus (CMV) ARS.2 containing all HIV-1 acces-
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sory genes was obtained from Addgene (plasmid 12263) (40). The HIV-1 con-
struct CMV AR8.91 lacking Vpr, Vif, Vpu, and Nef was previously described
(40). The HIV-1 packaging construct lacking Vif and Vpr was engineered by
replacing the Sall-Xbal fragment of CMV ARS8.91 with the equivalent sequence
from CMV ARS.2. The construct lacking Vpu was engineered by replacing the
Sall-BamHI fragment of CMV ARS.2 with the equivalent sequence from CMV
ARS8.91. The construct lacking Nef was engineered by replacing the BamHI-Xbal
fragment of CMV ARS.2 with the equivalent sequence from CMV AR8.91. The
construct lacking Vpu and Nef was engineered by replacing the Sall-Xbal frag-
ment of CMV ARS8.2 with the equivalent sequence from CMV ARS8.91. The
construct lacking Vif, Vpr, and Nef was engineered by replacing the Sall-BamHI
fragment of CMV ARS8.91 with the equivalent sequence from CMV ARS8.2. The
construct lacking Vif, Vpr, and Vpu was engineered by replacing the BamHI-
Xbal fragment of CMV AR8.91 with the equivalent sequence from CMV ARS.2.
The reporter construct pSIN18.cPPT.hEF1a.EGFP.WPRE was designed by
Michal Gropp and Benjamin Reubinoff (8). Vpu was added to the HIV-CMV-
GFP provirus by replacing the BamHI-Sall fragment of with the equivalent
sequence from CMV ARS8.2 to create HIV-CMV-GFP+ Vpu. The HIV-CMV-
GFP+Vpugp and CMV-GFP+Vpus,/ss were engineered by PCR mutagenesis
using HIV-CMV-GFP+Vpu as a parent. The mutations introduced have been
previously described (31). The green fluorescent protein (GFP)-tagged MLV
Env and MLV/GaLV Env were generated by replacing the YFP sequence with
an eGFP sequence from pEGFP-N1 (Clontech). The MLV packaging construct
expressing GagPol was kindly provided by Walther Mothes. The MLV reporter
construct expressing TdTomato was constructed by introducing the TdTomato
sequence from pRSET-B TdTomato (33), kindly provided by Roger Tsien, into
the MLV reporter vector pQCXIP (Clontech).

Cells. The 293FT cell line was obtained from Invitrogen. The cell line express-
ing the ecotropic MLV Env receptor, 293T mCAT-1, was kindly provided by
Walther Mothes. Both cell lines were maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM
sodium pyruvate, 10 mM nonessential amino acids, and 0.5 mg of G418/ml.

SEM. The method for imaging the distribution of MLV Env on the cell surface
has been described previously (11). Briefly, cells were plated onto coverslips
coated with patterned gold and transfected with a late domain defective HIV-1
Gag expression vector and a YFP-tagged Env expression vector using FuGene 6
(Roche). Transfected cells were fixed with 4% paraformaldehyde at ca. 20 h
posttransfection, and the locations of individual transfected cells on the finder
grids were recorded. Cells were labeled with primary mouse anti-GFP (Sigma)
and 12-nm gold-conjugated anti-mouse secondary antibody (Jackson Immuno-
Research). Cells were then fixed with 2.5% glutaraldehyde, dehydrated in eth-
anol, critical point dried, coated with carbon, and imaged with a Hitach S-4700
FE-SEM.

Infectivity assays. Infectivity assays using the CMV ARS.2 and its derivatives
were performed by transfecting a 35-mm dish of 293FT cells with 400 ng of
packaging construct, 400 ng of pSIN18.cPPT.hEF1a.EGFP.WPRE, and 200 ng
of MLV Env or MLV/GaLV Env using FuGene 6. The medium was replaced
24 h posttransfection to remove residual transfection reagent. Supernatant was
collected 48 h posttransfection and filtered through 0.45-pm-pore-size filters,
and 1 ml of medium was added to fresh 293T mCAT-1 cells in the presence of
10 pg of Polybrene/ml. Cells were collected 48 h later, fixed with 4% para-
formaldehyde, and analyzed to determine the percent infected by flow cytometry
at the University of Missouri Cell and Immunobiology Core facility. Infectivity
assays using HIV-CMV-GFP and its derivatives were performed as described
above, except that the transfections were carried out with 500 ng of the proviral
DNA and 500 ng of the Env expression construct. Infectivity assays that com-
bined both HIV-1 and MLV proviruses were performed with 800 ng of the
HIV-CMV-GFP or HIV-CMV-GFP+ Vpu, 40 ng of the MLV GagPol expres-
sion construct, 40 ng of pQCXIP-TdTomato, and 120 ng of MLV Env or MLV/
GaLV Env.

Western blots. Transfections for westerns were performed as described for
infectivity assays. Viral supernatants were filtered with a 0.45-pm-pore-size filter
and pelleted through a 20% sucrose solution. Viral pellets were resuspended in
1x SDS-PAGE loading buffer, and the equivalent of 0.5 ml of supernatant was
analyzed by 10% discontinuous SDS-PAGE. Cells were washed, pelleted, and
resuspended in SDS-1% PAGE loading buffer, and ca. 4% of the cell suspension
was analyzed in parallel with the supernatant. Proteins were transferred by using
the iBlot dry blotting system (Invitrogen). Membranes were blocked with 5%
nonfat dry milk and probed with goat anti-MLV Env (kindly provided by Alan
Rein, NCI-Frederick) diluted 1:10,000 or anti-HIV CA hybridoma medium di-
luted 1:1,000 (obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: HIV-1 p24 hybridoma [183-H12-5C])
from Bruce Chesebro (3). Blots were then probed with horseradish peroxidase-
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FIG. 2. Distribution of MLV Env relative to HIV-1 assembly sites. 293T mCAT-1 cells were cotransfected with a plasmid expressing late
domain-defective HIV-1 Gag and a plasmid expressing YFP-tagged MLV Env (A) or YFP-tagged MLV/GaLV Env (B). Env was labeled with
12-nm gold and imaged by SEM. Left, secondary electron images of HIV-1 assembly sites. Right, backscatter electron images of gold-labeled Env.

Scale bars, 200 nm.

conjugated anti-goat antibody diluted 1:20,000 or anti-mouse antibody diluted
1:10,000 (both from Sigma).

Surface labeling. Transfections for protein surface labeling were performed as
for the infectivity assays except that GFP-tagged Env expression vectors, which
are more appropriate for flow cytometry, were used. The medium was changed
24 h posttransfection to remove the residual transfection reagent. Media and
cells were collected 48 h posttransfection. Infectivity from the supernatant was
assayed as described for infectivity assays. Cells were resuspended with phos-
phate-buffered saline (PBS) containing 1 mM EDTA, chilled to 4°C, blocked
with 5% goat serum, and labeled with Alexa Fluor 647-conjugated anti-GFP
antibody (Invitrogen) diluted 1:1,000 in PBS containing 1% goat serum for 1 h
at 4C. After a washing step, the cells were fixed with 4% paraformaldehyde and
analyzed by flow cytometry.

Statistical analysis. Student’s ¢ test, analysis of variance (ANOVA), and
Tukey-Kramer HSD analyses were performed using the statistical software JMP
(SAS Institute, Inc., Cary, NC).

RESULTS

The GaLV Env tail does not exclude glycoproteins from
HIV-1 assembly sites. Our lab developed a novel SEM tech-
nique for visualizing recruitment or exclusion of surface pro-
teins to HIV-1 assembly and/or budding sites. With this tech-
nique, we have demonstrated that certain foreign viral
glycoproteins, including MLV Env, are efficiently recruited to
HIV-1 assembly sites (Fig. 2A) (11). Because MLV Env gly-
coproteins containing the cytoplasmic tail from GaLV Env
have been shown to be incompatible with HIV-1 in infectivity
assays, we predicted that an Env protein with a GaLV tail
would be excluded from HIV-1 assembly sites. To test this
hypothesis, we replaced the last 30 amino acids of a YFP-

tagged ecotropic MLV Env (34) with the equivalent sequence
from GaLV Env (henceforth referred to as MLV/GaLV Env)
and observed its distribution on the cell surface relative to
HIV-1 assembly sites. Surprisingly, MLV/GaLV Env was not
excluded from HIV-1 assembly sites and in some instances
appeared recruited to them (Fig. 2B).

The GaLV Env tail is not inherently incompatible with
HIV-1. In previous studies equivalent MLV/GaLV Env chime-
ras were found to be >1,000-fold less infectious than the par-
ent MLV Env when coupled with HIV-1 (4, 35). To determine
whether our MLV/GaLV Env chimera could form infectious
particles with HIV-1, we performed a single-round infectivity
assay combining MLV/GaLV Env with a minimal HIV-1 pro-
virus lacking all nonessential accessory proteins, HIV-CMV-
GFP (23). This provirus contains a CMV-driven GFP, which
serves as a reporter, in place of the Nef gene. This provirus was
cotransfected with either wild-type ecotropic MLV Env or the
MLV/GaLV Env chimera into 293FT cells. Although the YFP-
tagged Env is capable of forming infectious particles, a non-
YFP tagged Env was used for this infectivity experiment. In-
fectious particles were collected 2 days posttransfection,
filtered, and used to transduce 293T mCAT-1 cells (a stable
cell line expressing the mCAT-1 receptor). Infectivity was de-
termined by counting the number of fluorescent cells by flow
cytometry. The infectivity of MLV/GaLV Env with HIV-1 was
reduced compared to MLV Env but was considerably higher
than had been previously observed (4, 35).
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FIG. 3. HIV-1 accessory genes modulate MLV/GaLV Env restriction. (A) Schematic of HIV-1 packaging constructs ARS8.2. (B) ARS.2 or its
derivatives containing the accessory genes shown were cotransfected with reporter vector pSIN18.cPPT.hEF1a.EGFP.WPRE and either MLV Env
or MLV/GaLV Env. Viral supernatant was transferred from transfected 293FT cells to 293T mCAT-1 cells, and infectivity was determined by flow
cytometry. (C) Output of the same experiment with the infectivity of each construct expressed as the ratio of infections with MLV/GaLV Env to

infections with MLV Env.

HIV-1 incompatibility with GaLV is modulated by Vpu. Be-
cause these findings with MLV/GaLV Env conflict with the re-
sults of previous studies, we tested our MLV/GaLV chimera with
the HIV-1 construct that was found to be incompatible with
MLV/GaLV Env previously, AR8.2 (Fig. 3A) (35, 40). Two ob-
vious differences exist between our minimal proviral construct
and ARS.2: (i) AR8.2 contains a CMV promoter in place of the 5’
LTR and packaging sequence; and (ii) ARS8.2 contains the acces-
sory Vif, Vpr, Vpu, and Nef genes. Because ARS8.2 does not
produce a packageable genomic RNA, it was cotransfected with a
reporter plasmid that contained the viral packaging sequence and
a GFP reporter gene, pSIN18.cPPT.hEF1a. EGFP.WPRE (8). To
determine whether the accessory genes influenced the incompat-
ibility between HIV-1 and MLV/GaLV Env, we also tested a

derivative of ARS8.2 that lacks the four accessory genes, AR8.91
(40). When coupled with wild-type MLV Env, both constructs
produced high virus titers. However, when coupled with MLV/
GaLV Env, only the construct lacking accessory genes was able to
produce a significant virus titer (Fig. 3B and C). This observation
indicated that one or more of the accessory genes in ARS.2 pre-
vent HIV-1 from forming infectious particles with MLV/GaLV
Env. To determine which of the accessory genes contributed to
the restriction, we made a series of constructs lacking one or more
accessory genes and tested each of these derivatives for infectivity
(Fig. 3B and C). All of the ARS8.2 derivatives were able to effi-
ciently produce infectious particles when combined with MLV
Env. However, the infectivity of all four constructs that contained
Vpu dropped to background levels when combined with MLV/
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FIG. 4. Vpu modulates HIV-1 infectivity with MLV/GaLV Env.
Infectivity of MLV Env, MLV/GaLV Env, or an empty DNA vector
(control) pseudotyped with HIV-1 was determined in the absence (H)
or presence ([J) of Vpu. Infectivity was measured as infectious units
(I.U.) per ml of viral supernatant transferred from transfected 293FT
cells to 293T mCAT-1 cells 48 h posttransfection. The averages and
standard deviations of infectious units per milliliter of seven indepen-
dent experiments with the same combinations are shown. Significant
differences (*, P < 0.05) and nonsignificant differences (NS) were
determined by two-tailed Student’s ¢ test for each envelope type in the
presence or absence of Vpu.

GaLV Env. The four constructs that contained Nef also displayed
a reduction in infectivity when coupled with MLV/GaLV Env,
although the restriction was not as striking as with Vpu. Vif and
Vpr did not appear to contribute to the MLV/GaLV Env restric-
tion. Because Vpu appeared to be the major contributor to the
incompatibility between HIV-1 and MLV/GaLV Env, this pro-
tein was selected for further study.

To confirm that Vpu mediated the restriction, we reintro-
duced Vpu back into the HIV-CMV-GFP provirus background
(Fig. 4). The proviruses, containing or lacking Vpu, were co-
transfected with MLV Env or MLV/GaLV Env into 293FT
cells. The supernatant was collected after 48 h, filtered, and
transferred to 293T mCAT-1 cells, and the infectivity was mea-
sured by flow cytometry (Fig. 4). Because 293FT cells do not
constitutively express tetherin, Vpu should not enhance viral
release in these cells through the antagonism of tetherin. The
addition of Vpu slightly increased the infectivity of HIV-1 with
MLV Env, but the difference was not significant (two-tailed
Student ¢ test, n = 7, P = 0.76). The addition of Vpu signifi-
cantly diminished the infectivity of HIV-1 with MLV/GaLV
Env (two-tailed Student ¢ test, n = 7, P = 0.02), with an
average drop in infectivity of >60-fold.

Vpu prevents MLV/GaLV Env from being incorporated into
HIV-1 particles. To analyze the nature of the Vpu-mediated
restriction of MLV/GaLV Env, we introduced two Vpu mu-
tants into HIV-CMV-GFP (Fig. 5). The first, Vpus,se con-
tains two alanine substitutions at positions 52 and 56 of the
cytoplasmic domain. The second mutant, Vpugp, contains a
scrambled Vpu membrane-spanning domain. Each provirus

J. VIROL.

was transfected along with MLV Env or MLV/GaLV Env, and
the expression, incorporation, and infectivity was determined
for each. HIV-1 protein production and particle release were
not affected by the expression of Vpu or MLV/GaLV Env in
this context (Fig. SA). In the presence of wild-type Vpu, a
moderate reduction in the amount of MLV/GaLV Env in ex-
pressing cells was observed (Fig. 5A, cells, compare lanes 9 and
10). This reduction varied between experiments where on two
occasions there was no reduction, but on four occasions there
was a two- to fourfold reduction (as shown in Fig. 5A). In
contrast, the Vpu-mediated reduction of MLV/GaLV Env in
virions was consistent and drastic. In six of six experiments,
Vpu caused an acute reduction in the amount of MLV/GaLV
Env in virions (Fig. 5A, virions, compare lanes 9 and 10), and
in half of these experiments the MLV/GaLV Env in virions was
undetectable. This lack of MLV/GaLV Env in virions corre-
lated with the loss in infectivity (Fig. 5A, bottom). The HIV-
CMV-GFP provirus containing Vpugp incorporated MLV
Env but not MLV/GaLV Env into virions, whereas the provi-
rus containing Vpus,s, incorporated both MLV and MLV/
GaLV Env. The infectivity experiment was repeated six times,
and the average infectivity and standard deviations are re-
ported (Fig. 5B). As was suggested by the immunoblot analysis,
Vpu type had a significant effect on the ability of MLV/GalL.V
Env to form infectious particles with HIV-1 (ANOVA, F; ,, =
19.88, P < 0.0001). Wild-type Vpu or Vpugp, significantly
reduced the infectivity of MLV/GaLV Env pseudotyped
particles compared to no Vpu or Vpus, s, (Fig. 5B). There
was also a variation in infectivity among Vpu constructs
pseudotyped with MLV Env, but the difference was very slight
(ANOVA, F; 55 = 5.04, P = 0.0092). Because Vpus, s fails to
recruit the E3 ubiquitin ligase complex during CD4 down-
modulation (18), these data are consistent with Vpu targeting
MLV/GaLV Env for degradation in a manner synonymous
with CD4 degradation. However, the reduction in MLV/GaLV
Env expression levels appeared modest compared to the loss in
incorporation and infectivity.

Vpu does not prevent the surface expression of MLV/GaLV
Env. Although we did not observe a severe decrease in MLV/
GaLV Env expression levels, it is plausible that Vpu prevents
MLV/GaLV Env from reaching the plasma membrane by trig-
gering its degradation at a posttranslational stage or by inter-
fering with its trafficking. To test whether Vpu prevents
MLV/GaLV Env from reaching the plasma membrane, we
transfected HIV-CMV-GFP (with or without Vpu), along with
MLV Env or MLV/GaLV Env tagged with GFP. The trans-
fected cells were stained live with an Alexa Fluor 647-conju-
gated antibody against GFP at 4°C and analyzed by flow cy-
tometry to assay for Env expression on the cell surface (Fig. 6).
Scatter plots denote total Env surface staining (y axis) to total
transfection level (x axis). Although HIV-CMV-GFP and Env-
GFP both contribute to the overall mean cellular GFP fluo-
rescent intensity (x axis), the signal from Env-GFP was negli-
gible compared to the signal from HIV-CMV-GFP. To ensure
only surface GFP was stained, we also analyzed cells trans-
fected with HIV-CMV-GFP alone (first two columns). A por-
tion of cells exhibited nonspecific staining, but the staining
occurred equally in untransfected cells (not shown) and did not
correlate with increased cytoplasmic GFP expression. Both
MLV and MLV/GaLV Env displayed robust surface expres-
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FIG. 5. Vpu prevents MLV/GaLV Env from being incorporated into HIV-1 particles. (A) 293FT cells were transfected with HIV-CMV-GFP
containing no Vpu (Vpu™), Vpu wt, Vpugp, or Vpus,se, and MLV Env or MLV/GaLV Env. For the upper panel, Western blot analysis performed
on the transfected cells and pelleted viral supernatants. The lower panel shows the infectivity output from the same experiment. Infectious units
per ml were normalized to p24 levels. (B) The averages and standard deviations of infectious units per milliliter of six independent experiments
with the same combinations are shown. Significantly different means for each Env treatment are indicated by unique letters (Tukey-Kramer HSD,

P < 0.05).

sion (y axis), which directly correlated with overall cellular
expression levels (x axis). The presence of Vpu did not con-
siderably alter the surface expression of MLV or MLV/GalLV
Env. The supernatant from the same transfection was trans-
ferred onto fresh 293T mCAT-1 cells to assay for infectivity.
The supernatant from the cells expressing Vpu and MLV/
GaLV Env contained ~95-fold fewer infectious particles than
cells lacking Vpu. Although in some instances we have wit-
nessed a minor (two- to fourfold) reduction in relative MLV/
GaLV Env surface staining in the presence of Vpu, we chose to
show this experiment because it demonstrates that the restric-
tion in infectivity is not dependent on significant MLV/GaLV
Env surface downmodulation.

HIV-1 Vpu does not prevent MLV/GaLV Env from being
incorporated into MLV particles. It was shown previously that
the cotransfection of ARS8.2 (containing the HIV-1 accessory

genes) and an MLV viral construct, along with GaLV Env,
resulted in negligible infectious HIV-1 production but normal
levels of infectious MLV particle production (4). These data
suggested that the incompatibility between HIV-1 and MLV/
GaLV Env was not the result of global downregulation of the
GaLV Env protein. To confirm this finding, we configured a
fluorescence-based dual infectivity assay using HIV-CMV-
GFP, which produces fluorescent green infected cells, and an
MLV packaging construct and genome containing TdTomato,
which produces fluorescent red infected cells. The plasmids for
producing these single-round infectious particles were cotrans-
fected in 293FT cells with MLV or MLV/GaLV Env and in the
presence or absence of Vpu (Fig. 7). Because the MLV struc-
tural components are more efficient at producing infectious
particles with MLV/GaLV Env than HIV-1, the ratio of HIV-1
components to MLV components was adjusted so that roughly
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FIG. 6. Vpu does not prevent MLV/GaLV Env surface expression. (A) Schematic of surface labeling experiment. 293FT cells were transfected
HIV-CMV-GFP (+/— Vpu) in the presence or absence of MLV Env-GFP or MLV/GaLV Env-GFP. At 48 h posttransfection, cells were collected
and stained live for surface GFP expression with Alexa Fluor 647-conjugated anti-GFP antibody, and the supernatant was transferred to 293T
mCAT-1 cells and assayed for infectivity. (B) Surface expression and infectivity of Env proteins. The average surface GFP intensity/total GFP
intensity of transfected cells is reported in the upper right-hand corner of surface expression scatter plots. Infectivity scatter plots show infections
on the x axis; the y axis (FL2) is not relevant for this experiment, but is used to maintain visual consistency. Infectivity is shown in each plot as the

percentage of the 293T mCAT-1 cells infected with HIV-CMV-GFP.

equivalent amounts of HIV-1 and MLV infections were pro-
duced in the absence of Vpu (Fig. 7B, top left panel). When
the parallel transfection was performed with a Vpu-containing
HIV-1 provirus, the output of infectious HIV-1 particles was
dramatically reduced but the output of infectious MLV parti-
cles was essentially unchanged (Fig. 7, top right). As a control,
the same ratio of packaging components was transfected into
cells, along with MLV Env. HIV-1 was much more efficient at
forming infectious particles with MLV Env than with MLV/
GaLV Env, resulting in a much higher ratio of HIV-1 to MLV
infections. However, the inclusion of Vpu did not alter the
output of infectious HIV-1 or MLV particles with MLV Env.

DISCUSSION

There have been many examples of virus-glycoprotein pairs
that do not efficiently produce infectious pseudotyped virus
together. For example, HIV-1 does not pseudotype efficiently
with Rous sarcoma virus (RSV) Env, influenza virus hemag-
glutinin, or lymphocytic choriomeningitis glycoprotein (4, 16).
However, most of these virus-glycoprotein pairs do yield some
infectious pseudotyped particles, albeit at an inefficient level.
The incompatibility between HIV-1 and GaLV Env (specifi-
cally Env proteins containing the GaLV cytoplasmic domain)
is unique because it is so absolute, yielding essentially no in-
fectious particles. It is now clear that this extreme incompati-
bility is the result of at least two factors. First, HIV-1 shows a
general incompatibility with the GaLV Env cytoplasmic tail
that is not related to Vpu (Fig. 4). This incompatibility has not
been addressed here but is likely the result of poor fusogenic-

ity. Second, MLV/GaLV Env incorporation into HIV-1 parti-
cles is prevented by the HIV-1 accessory protein Vpu (and
possibly Nef), resulting in a further 50- to 100-fold decrease in
infectivity.

The mechanism for how Vpu modulates MLV/GaLV Env is
only partially elucidated here. In some ways, the mechanism
seems similar to the downmodulation of CD4 by Vpu. As with
CD4, the sequence in Env responsible for the Vpu modulation
exists in the C-terminal cytoplasmic tail. Also like CD4, the
conserved 52/56 serine residues in the cytoplasmic tail of Vpu
are required for the modulation, but the precise membrane-
spanning sequence is dispensable. However, whereas CD4 is
prevented from accumulating on the cell surface and is de-
graded by Vpu, neither appears to occur to a significant extent
with MLV/GaLV Env. The reduction in MLV/GaLV Env ex-
pression level is more modest than previously reported (4), but
it should be noted that the present studies were performed
with a different Env background, the cells were not treated
with cycloheximide to prevent new protein synthesis, and Nef,
which likely targets MLV/GaLV Env independently, was not
included in the majority of our experiments.

Although the ultimate downmodulation of infectious parti-
cle production by Vpu appears to be due to lack of Env incor-
poration into viral particles, it is not clear how this is accom-
plished. It is particularly intriguing that Vpu does not prevent
MLV/GaLV Env from producing infectious particles with
MLV packaging proteins. There are two explanations for this
observation. Either Vpu alters MLV/GaLV Env trafficking in a
way that affects the two types of retroviruses differently, or Vpu
alters MLV/GaLV Env in a way that would affect both viruses,
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FIG. 7. Vpu does not prevent the production of infectious MLV
particles. (A) Schematic of dual infection assay. 293FT cells were
transfected with HIV-1 and MLV assembly components, along with
MLV or MLV/GaLV Env. At 48 h posttransfection the supernatant
was transferred to 293T mCAT-1 cells. The ratio of HIV-1 to MLV
was adjusted so that similar HIV-1 and MLV infectious particles were
produced with MLV/GaLV Env and so that same ratio was used in
each of the four transfections. (B) Flow cytometry output of 293T
mCAT-1 infections. MLV infections display red fluorescence (y axis),
and HIV-1 infections display green fluorescence (x axis). Infectivity is
shown in each plot as percentage of the 293T mCAT-1 cells infected,
excluding double-positive cells.

but MLV structural components are able to overcome this
restriction. For example, it is plausible that Vpu binds the
cytoplasmic tail of MLV/GaLV Env and sequesters it away
from assembly sites, but MLV Gag binds with greater affinity
to the cytoplasmic tail to subvert this sequestration.

The observation that HIV-1 Vpu causes an incompatibility
with an unrelated viral glycoprotein is surprising. This incom-
patibility seems to be specific and robust, but it is not obvious
how or why HIV-1 would acquire the ability to target a specific
foreign viral glycoprotein. HIV-1 and GaLV do not infect the
same host, so it is not likely that downmodulation of GaL.V
Env provides a selective advantage for HIV-1. The targeting of
GaLV Env could be the result of a coincidental similarity
between the GaLV Env cytoplasmic tail and a natural target of
Vpu. GaLV Env has certain similarities with CD4; both are
type 1 surface glycoproteins that are targeted by Vpu through
elements in their cytoplasmic tails. However, the cytoplasmic
tails of CD4 and GaLV Env display no obvious sequence
similarity (Fig. 1), although it is plausible that they contain a
conserved structural element not recognized in the primary
sequence. One could postulate that GaLV Env mimics some

HIV-1 Vpu RESTRICTS GaLV Env 2673

host cell protein that is a natural target of Vpu, but there is at
present no experimental evidence to support this speculation.
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