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ABSTRACT

The motifs involved in the various functions of the HIV-1 gp41 cytoplasmic tail (CT),
particularly those related to the envelope glycoproteins (Env) intracellular trafficking and
assembly onto core particles, have generally been assessed with a restricted panel of T-cell
laboratory adapted virus strains. Here, we investigated gp41 CT sequences derived from
individuals infected with HIV-1 of various subtypes. We identified four patients harboring
HIV variants with a natural polymorphism in the membrane proximal tyrosine-based
signal Y~1,SPL or the YsaWso3 diaromatic motif, which are two major determinants of Env
intracellular trafficking. Confocal microscopy showed that the intracellular distribution of
Env with a mutation in the tyrosine or diaromatic motifs differed from that of Env with no
mutation in these motifs. Surprisingly, the gp4l CT of the primary viruses also had
differential effects on the intracellular distribution of Env, independently of mutations in
the tyrosine or diaromatic motifs, suggesting the involvement of additional determinants.
Furthermore, analyses of virus replication kinetics indicated that the effects of mutations in
the tyrosine or diaromatic motifs on viral replication depended on the gp41 CT context.
These effects were at least partly due to differences in the efficiency of Env incorporation
into virions. Thus, polymorphisms in primary HIV-1 gp4l CT at the quasispecies or
subtype level can influence the intracellular distribution of Env, its incorporation into

virions and viral replication capacity.
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INTRODUCTION

The envelope glycoproteins (Env) of human immunodeficiency virus type 1 (HIV-1) are
primarily responsible for the specific binding of virions to target cells and for the fusion of viral
and cellular membranes in the entry process (27). Env is synthesized as a 160-kDa precursor,
which is then processed during its trafficking through the secretory pathway to yield a surface
subunit, gp120, noncovalently attached to a transmembrane subunit, gp41. The gp41 subunit
consists of an ectodomain exposed on the virion surface, a hydrophobic transmembrane anchor
and a cytoplasmic tail (CT). During HIV-1 assembly, Env is incorporated at the surface of the
viral particle as a trimeric complex consisting of three gp120 and gp41 subunits (51, 53). HIV-1
particles initially interact with target cells via gp120 and the CD4 receptor (45). Binding to CD4
leads to a change in the conformation of gp120, revealing a binding site for one of the viral
coreceptors, typically the chemokine receptors CXCR4 or CCRS (15, 20, 28). Subsequent
coreceptor engagement triggers changes in the structure of the gp41 ectodomain, leading to
fusion of the viral and target cell membranes (28).

Lentiviruses, including HIV-1, are unusual in having transmembrane glycoproteins with
much longer CTs (~ 150 amino acids) than most other retroviruses (20 to 50 amino acids) (27).
Early mutational studies, in which deletions or truncations were introduced into the CT of HIV-1
gp41, showed that this region played an important role in regulating Env protein functions and
viral replication (18, 24, 31, 54). The effects of gp4l CT on viral replication are cell type-
dependent. In many transformed T-cell lines, primary peripheral blood mononuclear cells
(PBMC) and macrophages, viral replication is dependent on the integrity of the gp41 CT,
whereas other T-cell lines (e.g MT4) permit the replication of HIV-1 with an almost entirely
truncated gp41 tail (1, 35). In general, viral replication kinetics and Env incorporation seem to be

directly correlated.
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Many studies have tried to identify the precise motifs involved in the various functions
assigned to the gp41 CT. Two groups of motifs have been identified. The first group consists of
three structurally conserved amphipathic o-helical domains, designated as lentivirus lytic
peptides 1, 2 and 3 (LLP-1, LLP-2 and LLP3) (Fig. 1) (10, 19, 30). LLP domains have been
implicated in various functions, including Env cell-surface expression, Env fusogenicity and
incorporation of Env into virus particles (8, 29, 36, 42). Several studies have suggested that Env
1s incorporated into virions via interactions between LLP and the matrix region of Gag, but there
1s still controversy concerning the involvement of either LLP-1 or LLP-2/LLP-3 domains in this
process (12, 26, 29, 36, 42). The second group of motifs regulates the intracellular trafficking of
Env. At steady state, Env is located principally in the trans-Golgi network (TGN) (5). This
intracellular distribution results from dynamic Env cycling between the cell surface, the
endosomal compartment and the TGN. Newly synthesized Env proteins undergo endocytosis
after their arrival at the cell surface (44). Env internalization is mediated by the interaction of a
membrane proximal tyrosine-based signal Y71,SPL in the gp41 CT with the adaptor protein (AP)
complexes of the cellular sorting machinery, involving the clathrin adaptor AP-2, in particular (4,
6, 37). The gp4l CT also interacts with the TGN- and endosome-based clathrin-associated
adaptor AP-1. The dileucine motif at the C-terminus of gp41 is involved in this interaction with
AP-1, which has been shown to play a role in determining the subcellular distribution of Env (4,
52). A diaromatic motif, Ygo2Wages, involved in the retrograde transport of Env to the TGN, was
recently identified in the gp41 CT (5). This motif seems to interact with TIP47, a protein required
for the retrograde transport of mannose 6-phosphate receptors to the TGN from late endosomes.
The concentration of Env in the TGN at steady state results partly from this retrograde transport

of Env from the cell surface to the TGN (5).
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Modifications of the motifs regulating the intracellular distribution of Env have been
shown to affect viral assembly and replication in various ways. Mutations of the tyrosine in the
membrane proximal tyrosine-based signal Y712SPL disturb the polarized release of HIV-1 in
epithelial cells (32, 33). This motif is similarly required for the polarized release of HIV-1 from a
localized, cap-like region of the plasma membrane overlaying the uropod in lymphocytes (16).
The tyrosine-based signal (Y712SPL) and the diaromatic motif (Ygo,Wsgo3) are also important for
optimal Env incorporation and viral replication (5, 9, 14, 49). The effects of mutations in the
Y712SPL signal on Env incorporation and viral replication are cell-dependent, consistent with
previous results for an almost fully truncated gp41 CT (1, 14, 35, 49).

These data demonstrate the existence of a complex system regulating the intracellular
distribution of Env that probably plays an important role in HIV-1 assembly and replication.
However, the motifs involved in the various functions of the gp41 CT, and particularly those
involved in Env intracellular trafficking, have generally been assessed with a restricted panel of
T-cell laboratory-adapted (TCLA) virus strains, such as HIV-1 HXB2 or NL4-3 molecular
clones. Adaptation to continuous growth in established T-cell lines is accompanied by genetic
changes affecting the viral Env proteins. For example, these changes expand tropism for
established T-cell lines and increase sensitivity to antibody neutralization over that of primary
viruses subjected to the selective pressure of the immune system in vivo (34, 50).

Here, we focused on gp41 CT sequences from viruses obtained from patients. We carried out
an analysis, at the quasispecies level, of Env sequences obtained from individuals infected with
various HIV-1 subtypes and identified four patients harboring HI'V variants with mutations in the
membrane proximal tyrosine-based signal Y;12SPL or the YgpaWso3 diaromatic motif. Based on
this polymorphism, we hypothesized that these gp41 CT from primary HIV-1 might affect the

intracellular distribution of Env, with possible consequences for viral assembly and replication
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capacity. We tested this hypothesis using virus-based Env expressors and replication-competent
viral clones carrying gp41 CT sequences derived from the viral variants with a mutation in the
tyrosine or diaromatic motif and from a coexisting viral variant with no mutation in these
determinants. Confocal microscopy showed that the intracellular distribution of Env proteins
containing a mutation in the tyrosine or diaromatic motifs differed from that of the corresponding
Env with no mutation in these motifs. This observation suggests that the tyrosine and diaromatic
motifs are involved in a primary Env context. Surprisingly, we also observed that the gp41 CT of
the various primary viruses studied here had differential effects on the intracellular distribution of
Env, independently of mutations in the tyrosine or diaromatic motifs, suggesting the involvement
of additional determinants within the CT. Furthermore, analyses of virus replication kinetics in T-
cell lines or peripheral blood mononuclear cells (PBMC) and macrophages indicated that the
effects of mutations in the tyrosine and diaromatic motifs on viral replication depended on the
gp41 CT context. These effects were at least partly due to the efficiency of Env incorporation into
virions. Thus, polymorphisms in primary HIV-1 gp41 CT at the quasispecies or subtype levels
may influence the intracellular distribution of Env, its incorporation into virions and viral

replication capacity.

MATERIALS AND METHODS
Patient-derived envelope selection and characterization of tropism. Viral env genes
were isolated from four patients (patients 208, 523, 127 and 159) selected from a group of 30
HIV-1-positive patients followed at the Department of Infectious Diseases of the Croix-Rousse
Hospital, Lyon, France. All patients gave written informed consent. The procedure used to
amplify full-length env genes from the peripheral blood mononuclear cell (PBMC) DNA of

patients 127 and 159 has been described elsewhere (2, 48). Full-length env genes were amplified
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in a similar way from patients 208 and 523. All PCR products were inserted into the EcoRI site of
pCR2.1 (Topo TA cloning kit; Invitrogen). The nucleotide sequences of full-length primary env
genes (3 to 4 clones for each patient) were analyzed using Sequence Analysis (Applied
Biosystems) and the corresponding deduced amino-acid sequences were aligned using Clustal W
(46), with manual corrections. One Env sequence carrying a mutated Y7;o/H-SPL. membrane
proximal tyrosine-based signal was identified among the Env clones isolated from patients 208
and 523, and one Env sequence with a mutated Ygoo-Wgos/R diaromatic motif was identified
among the Env clones isolated from patients 127 and 159. Env sequences 127 and 159, with a
mutated Ygo-Wgoa/R diaromatic motif, have already been deposited in the Genbank database
under the accession numbers AY231152 and AF041128, respectively (2, 48). Env sequences 208,
208712, 523 and 523 w12 have been submitted to Genbank and assigned accession numbers
EF033657 to EF033660. The alignment of env gene sequences with reference sequences and the
construction of neighbor-joining trees (13) showed that patient 208 was infected with a subtype B
virus, whereas patient 523 was infected with a subtype G virus. Patients 127 and 159 were
previously shown to be infected with a circulating recombinant form CRFO2_AG and a subtype
B virus, respectively (2, 48). The chemokine receptor usage pattern of the selected Env proteins
was determined, using a recombinant phenotypic assay, as previously described (47). All Env
proteins mediated viral entry, using CCRS as a coreceptor.

Env expression vectors and infectious proviral clones. Full-length primary Env from
patients 208, 523, 127 and 159 was produced from the pCI expression vector (Promega)
containing the various env genes inserted into the EcoRI site downstream from the CMV
promoter. Viral-based Env expressors carrying gp4l CT sequences derived from primary Env
were constructed in a pNL(ADS) background (21), which is an RS derivative of pNL4-3

containing pADS8-1 sequences in the gp120 and gp41 ectodomain. We used pNL4-3 as starting
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material for plasmid construction. The NL4-3 Env expressor was constructed by deleting a
fragment encompassing the gag and pol genes between the Psfl (nt 1415 of pNL4-3) and EcoRI
(nt 5743) sites. The NL(ADRS) expressor was obtained by replacing a sequence containing the env
gene in the NL4-3 expressor, between the EcoRI (nt 1415) and Xhol (nt 4559) sites, with the
corresponding sequence from pNL(ADS). Primary env CT sequences were cloned by
constructing the Env expressor variant NL(ADS8)-NX (NX-WT), in which Nhkel and Xbal
restriction sites were inserted into the sequence corresponding to the membrane-spanning domain
of gp41 and at the end of the env gene, respectively. Mutagenesis was carried out in pSK-ADS,
which carries a fragment of the NL(ADS) expressor encompassing the gp41 sequence inserted
between the BsaBI and Xhol sites of pBluescript SKII (Stratagene). Sequences were modified
using the QuickChange site-directed mutagenesis kit (Stratagene) and the following primers:
Nhedl(+) (S'atagtaggagggctagcaggtttaagaatag3’), Nhed1(-) (S'ctattcttaaacctgetagecctectactat3')
and Xbadl(+) (5'ataagacagggtctagaaagggctttgctataag3'), Xbadl(-)
(S'cttatagcaaagecectttctagaccetgtettat3'). Following mutagenesis, the BsaBl/Xhol fragment was
excised and inserted into the NX-WT expressor, previously digested with the same enzymes. The
DNA sequences encoding the CTs of primary Env proteins were amplified by PCR, using
primers similar to those described for site-directed mutagenesis of the ADS8 expressor. We
modified only single nucleotides in primer sequences, to ensure a perfect match with the various
env genes. The PCR products were inserted into pCR2.1 (Topo TA cloning kit; Invitrogen),
removed by digestion with Nhel/Xbal and inserted into the corresponding sites of the NX-WT
expressor, giving rise to the NX-208, NX-208p712, NX-523, NX-523p712, NX-127, NH-127gsg03,
NX-159 and NX-159%sg03 Env expressors. Env expressor NL(AD8)-NX, carrying mutated
Y712SPL. membrane proximal tyrosine-based signals (NXa712, NXu712) or mutated YgoaWsos

diaromatic motifs (NXsgoz1g03 and NXgrsgo3), were also generated by site-directed mutagenesis
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with the appropriate primers, as previously described. The sequences amplified and the mutations
were verified by DNA sequencing.

Replication-competent pNL(ADS)-NX proviral constructs carrying sequences encoding
gp41 CTs from primary Env proteins were obtained by replacing the BsaBl/Xhol fragment of
PNL(ADBS) with the corresponding fragment excised from the NL(AD®)-NX expressors.

Cell culture. 293T, HeLa cells and their derivative PAP were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum and antibiotics (100
[U/ml penicillin and 100 pg/ml streptomycin). MT4.RS5 T cells were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum and antibiotics. PBMCs were obtained from the
buffy coats of HIV-1 seronegative donors by Ficoll-Hypaque density gradient centrifugation.
Monocytes were purified from PBMC by adhesion to plastic, as described by Perez-Bercoff et al.
(41). We obtained monocyte-derived-macrophages (MDM), by allowing harvested monocytes to
differentiate into macrophages for seven days in 12-well plates (8 x 10° cells/well) containing
RPMI 1640 medium supplemented with 10% human AB serum and antibiotics. Nonadherent
peripheral blood mononuclear cells were treated with phytohemagglutinin-P (5 pg/ml, Difco
Laboratories) in RPMI 1640 medium supplemented with interleukin 2 (10 ng/ml, Roche), 20%
fetal calf serum and antibiotics. After three days, cells were washed free of phytohemagglutinin-P
and maintained in RPMI 1640 medium supplemented with interleukin 2, 10% fetal calf serum
and antibiotics.

Subcellular distribution of Env glycoproteins. Hela cells were spread on glass
coverslips in 6-well plates (2 x 10° cells/well) 24 h before transfection. Cells were transfected
with 1 ug of Env expressor (cotransfection with 0.1 pg pCl-rev for pCi Env expressors) or
proviral construct DNA, using Lipofectamine 2000 (Invitrogen) according to the manufacturer's

instructions. The transfected cells were incubated for 40 hours, washed twice with phosphate-
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buffered saline (PBS) and treated with 50 pug of cycloheximide/mL for 3 h. Cells were then fixed
by incubation in 4% paraformaldehyde in PBS for 20 min. After fixation, they were quenched
and permeabilized by incubation for 30 min in 0.05% saponin-0.2% bovine serum albumin
(BSA) in PBS. Cells were incubated for 1 h at room temperature with primary antibodies: a
mouse monoclonal antibody (Mab) anti-CD71 (transferrin receptor; Serotec), sheep polyclonal
anti-TGN-46 antibodies (Serotec), a mouse Mab anti-CD63 (Serotec), a mouse Mab recognizing
pl7 (matrix) but not Pr55%¢ (Advanced Biotechnologies), a human Mab 2G12 anti-Env
(provided by H. Katinger). The corresponding fluorescent Alexa® 488- and 594-conjugated
secondary antibodies were used (Molecular Probes). Coverslips were washed and mounted on
microscope slides with Immuno-Fluore™ (MP Biomedicals). The transfection conditions used
yielded about 5 % positive cells with moderate Env staining. Images of representative cells were
acquired on each slide with an Olympus FluoView 500 confocal microscope equipped with
Argon 488, HeNe 546 lasers, a 60x PlanApo oil-immersion objective and Fluoview 4.3 software.

The colocalization of Env and TGN-46 proteins was quantified in cells expressing Env

Cells were imaged in each channel, along the z-axis, using Fluoview 4.3 software and, 10 in-
focus sections (0.2 pum each) from each z-stack were analyzed for colocalization using
ImarisColoc (Imaris, Bitplane). The threshold values for each channel used to quantify
colocalization were determined using the automatic threshold function of the software.
Colocalization was defined as the overlap of two channels in three dimensions and was calculated
automatically by the program. Pearson channel correlation coefficients (R) in studied volume (1
indicating perfect colocalization, 0 no correlation) were calculated for 10 cells for each sample,

and are given as means + SD.

B {Supprimé 1 and
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Electron microscopy. HeLa cells (10°) were spread in T25 flasks 24 h before transfection
with 10 pg of plasmid DNA, using Lipofectamine 2000 (Invitrogen). Cells were washed with
PBS 12 to 18 h after transfection, and fresh medium was added. Cells were harvested 40 h after
transfection, pelleted by low-speed centrifugation and fixed by incubation for 16 h in 4%
paraformaldehyde, 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). The pellet was washed
in PBS and postfixed by incubation for 1 h with 2% osmium tetroxide (Electron Microscopy
Science). It was dehydrated in a graded series of ethanol solutions, cleared in propylene oxide
and embedded in Epon resin (Sigma), which was allowed to polymerize for 48 h at 60°C.
Ultrathin sections were cut, placed on EM grids and stained with 5% uranyl acetate and 5% lead
citrate before observation with a Jeol 1230 transmission electron microscope.

Production of viral stocks. Viruses for the infection of T cells and MDM were obtained
by transfecting 293T cells. We spread 3.5 x 10° cells in T75 flasks 24 h before transfection with
30 pg of plasmid DNA by the calcium phosphate method according to the kit manufacturer's
instructions (Invitrogen). Cells were washed with PBS 12 to 18 h after transfection, and fresh
medium was added. Viral supematants were harvested 48 h after transfection, centrifuged at low
speed, filtered (0.45 pm pores), and then frozen at —80°C. All virus stocks were sampled for
detection of the p24 capsid protein by the Innotest HIV antigen ELISA kit (Ingen), before
freezing. The TCIDsy value of each HIV-1 stock was determined on P4P cells
(CD4'CXCR4'CCRS" adherent Hela cells), as previously described (3). Similar TCIDs, values
per ng of p24 were obtained for the various viral stocks produced in 293 T cells.

Viruses for Env incorporation assays were generated by transfecting Hel.a and MT4.R5
cells or infecting PBMC. For HeLa cell transfections, 10° cells were spread in T25 flasks 24 h
before transfection with 10 pg of plasmid DNA, using Lipofectamine 2000 (Invitrogen). Cells

were washed 12 to 18 h after transfection, and fresh medium was added. Viral supernatants were
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harvested 48 h after transfection, centrifuged at low speed, filtered and immediately used for
virus purification. For MT4.RS cell transfections, a suspension of 2 x 10° cells was transfected
with 10 pg of plasmid DNA, using Lipofectamine 2000 (Invitrogen). Viral supernatants were
harvested 72 h after transfection, centrifuged at low speed, filtered and immediately used for
virus purification. For PBMC infections, 2 x 10° cells were pelleted and resuspended in 1 ml of
RPMI medium containing 100, 500 or 1000 ng p24 equivalent of virus, depending on viral
growth. Cells were incubated for 2 h at 37°C, then thoroughly washed and resuspended in 5 ml of
RPMI 1640 medium supplemented with interleukin 2, 20% fetal calf serum and antibiotics. Cells
were incubated for three days at 37°C, then washed, resuspended in 10 ml of media and
incubated at 37°C for a further three days. Viral supernatants were harvested, centrifuged at low
speed, filtered and immediately used for virus purification. All virus stocks were sampled for
quantification of the p24 capsid protein before virus purification.

Lysates of HeLa cells were prepared at the time of virus collection. Pelleted cells were
washed with PBS, repelleted by centrifugation and resuspended in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing dithiothreitol. A
sample was removed for p24 analysis, and cell lysates were then frozen at -80°C for subsequent
western blot analysis, as described below.

Viral replication kinetics. The concentration of the viral stocks produced as described
above from 293T cells was normalized on the basis of p24 capsid protein concentration. For the
infection of MT4 RS5 cells, 10° cells were pelleted and resuspended in 1 ml of complete RPMI
1640 medium containing 5 ng p24 equivalent of virus. Cells were incubated for 2 h at 37°C,
washed, resuspended in 4 ml of medium and returned to the incubator at 37°C. Samples of culture
supernatants were taken every two days for p24 capsid protein determination. After the removal

of the sample, cell suspensions were split 1:4 and retumed to the incubator at 37°C. For PBMC
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infection, 10° cells were pelleted by centrifugation and resuspended in 1 ml of RPMI medium
containing 10 ng p24 equivalent of virus. The cells were incubated at 37°C for 2 h, washed,
resuspended in 2 ml of RPMI 1640 medium supplemented with interleukin 2, 20% fetal calf
serum and antibiotics and returned to the incubator at 37°C. The culture medium was sampled
every two days for p24 capsid protein determination and was then completely replaced with fresh
medium. For MDM infection, 8 x 10° cells/well were incubated for 2 h at 37°C in 1 ml of RPMI
medium containing 20 ng p24 equivalent of virus per well, in 12-well plates. Cells were then
washed and 1 ml of RPMI 1640 medium supplemented with 10% human AB serum and
antibiotics was added before cells were returned to incubation at 37°C. The culture medium was
sampled every two days for p24 capsid protein determination and was then completely replaced
with fresh medium.

Env incorporation assays. Viruses produced, as described above, from Hela cells,
MT4.RS cells and PBMC were used to assess Env incorporation into virions. Culture
supernatants containing the viruses were overlaid on a 20% sucrose cushion in a Beckman SW28
tube, and particles were pelleted by centrifugation for 2 h at 50,000 g and 4°C. Viral pellets were
resuspended in a small volume of TNE buffer (50 mM Tris-HC1 [pH 7.4], 100 mM NaCl, 0.5
mM EDTA) supplemented with 1% Triton X-100. An aliquot was removed for p24 capsid protein
determination by ELISA and resuspended pellets were frozen at -80°C for quantitative gp120
ELISA and western blot analysis, as described below.

For quantitative gp120 ELISA, Immunolon II plates (Dynex) were coated by incubation
overnight at 4°C with a 5 ug/ml solution of anti-gp120 sheep polyclonal antibody D7324 (Aalto)
in Tris-buffered saline (TBS; 100 mM Tris-HCI [pH 7.5], 150 mM NaCl). The plates were
washed with 0.5% Tween-20 in TBS (TBS-T). Non-specific binding sites were saturated by

incubation for 1 h at room temperature with 2% newborn calf serum (NBCS) in TBS. Dilutions
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of the virus lysate samples in TBS supplemented with 10% fetal calf serum (FCS) and 1%
Nonidet P-40 were added and the plates were incubated for 2 h at 37°C. The samples used
contained equal amounts of p24, as shown by ELISA. The plates were washed and human Mab
2G12 diluted (1 pug/ml) in TBS supplemented with 0.5% Tween-20, 20% NBCS and 10% FCS
(TBS.T.N.F) was added and allowed to bind for 1 h at 37°C. The plates were then washed and a
goat anti-human Ig (Biosource) conjugated with peroxidase and diluted 1:2000 in TBS.T.N.F was
added. The plates were incubated for 30 min at room temperature, washed and a mixture of H>O»
and o-phenylene-diamine was added. The plates were left for 30 min at room temperature in the
dark and color development was then stopped by adding 50 ul of 2 N H,SO4. Absorbance at 490
nm (A49) was determined. Dilutions of purified gp120mp (Advanced BioScience Laboratories)
were used to construct a standard curve. Similar ELISA tests were also carried out with a pool of
HIV-1-positive human sera, for the detection of gp120.

We assessed Env incorporation using western blotting only for viruses produced in Hela
cells. Based on the p24 ELISA data, we prepared equal amounts of p24 per sample in SDS-PAGE
reducing sample buffer. Samples were boiled for three minutes and subjected to electrophoresis
in a 10% Tris-HCI SDS-polyacrylamide gel. The protein bands were then electroblotted onto a
nitrocellulose membrane. The membrane was blocked by incubation with 5% nonfat milk powder
in TBS supplemented with 0.01% Tween-20, washed, incubated with primary antibody, washed,
incubated with a horseradish peroxidase-conjugated secondary antibody, washed and developed
with enhanced chemiluminescent substrate (ECL) (Amersham-Pharmacia). Images were captured
by a Chemi-Smart 3000 gel documentation system using Chemi-Capt software for image
acquisition (Vilber Lourmat). The membrane was initially probed for gpl120, using goat
polyclonal anti-gp120 antibodies (Biogenesis). After blot development, the antibodies were

removed from the blot by incubation with Restore Western Blot Stripping Buffer (Pierce) and the
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membrane was washed with 0.01% Tween-20 in TBS. The western blotting procedure was then
repeated, using a mouse Mab directed against p24 capsid protein (13B5D10, bioMerieux) or gp41

(Abcam).

RESULTS

The intracellular distribution of primary HIV-1 Env glycoproteins. It has been shown
that the Env proteins of TCLA viruses such as HXB2 are mostly present in the TGN at steady
state, due to determinants located within the gp41 CT (5). Based on the polymorphism observed
in the gp41 CT of various primary Env proteins, we hypothesized that the variant forms of Env
might display different intracellular distributions. We investigated the virus populations of four
patients harboring variants characterized by polymorphisms in the tyrosine Y712SPL motif
(patients 208 and 523) or in the Ys02Wgo3 diaromatic motif (patients 127 and 159). Patients 208
and 159 were infected with a subtype B HIV-1 whereas patient 523 was infected with a subtype
G virus and patient 127 was infected with a circulating recombinant form CRF02_AG. Full-
length primary env genes from patients 208, 523, 127 and 159 were inserted into the pCI
expression vector. The corresponding proteins were transiently produced in HeLa cells and their
intracellular distribution at steady state was compared with that of TGN-46, an endogenous
marker of the TGN. Cells were analyzed 40 h after transfection and treated with cycloheximide to
eliminate the newly synthesized Env from the early secretory pathway.

Laser confocal microscopy studies revealed that the primary Env 208, 523, 127 and 159
clones, harboring a gp41 CT containing no mutation in the tyrosine or diaromatic motif, had
different intracellular distributions. The primary Env 208 protein was concentrated principally in
the perinuclear region and colocalized with TGN-46, as previously reported for other Env

proteins from TCLA viruses (Fig. 2) (5). However, other primary Env proteins, such as Env 523,
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did not colocalize with TGN-46, and labeling for these proteins was mostly associated with
vesicular structures dispersed throughout the cytoplasm (Fig. 2). Clones containing a mutation in
the tyrosine motif showed a less concentrated intracellular staining with persistent labeling of
peripheral speckles for Env 208 and a similar pattern of vesicular staining for Env 523 (Fig. 2).
Env 127 and 159 had intermediate distributions, with Env staining mostly concentrated in the
Thus, the intracellular distribution of Env from primary viruses may differ from the reported
pattern for TCLA Env.

The gp4l CTs from primary viruses have differential effects on the intracellular
distribution of Env. We investigated whether the determinants governing the intracellular
distribution of primary Env were located within the CT of gp41, by constructing chimeric env
genes in which the gp4l CT of env genes from patients 208, 523, 127 and 159 replaced the
corresponding region of the molecular clone NL(ADS). These constructs were produced by
transferring the gp41 CT sequences of primary Env clones into the NL(AD®)-NX expressor, as
described in the Materials and Methods. The proteins were transiently produced in HeLa cells
and their intracellular distribution at steady state was compared with that of TGN-46 by laser
confocal microscopy. Cells were analyzed 40 h after transfection and treated with cycloheximide,
as previously described. The ImarisColoc module was used to assess Env and TGN-46
colocalization, as described in the Materials and Methods section. Pearson channel correlation
coefficients (R) in studied volume were calculated for 10 cells for each sample, and are given as
means * SD.

The pattern of Env NX-208 staining matched that of TGN-46 in the perinuclear area (R =

070 + 0.04) (Fig 3A). In contrast, intracellular staining for Env NX-208y7, was less

-

_-| Supprimé : and in intracellular
vesicles scattered throughout the
cytoplasm
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concentrated, with persistent labeling of peripheral speckles (R = 0.21 £ 0.03) (Fig. 3A). Cell-
surface staining was observed in the cells producing the largest amounts of Env NX-208712. Env
NX-523 was found in vesicular structures dispersed throughout the cytoplasm (R =0.24 £ 0.04).
Env NX-523g712 displayed a similar pattern of vesicular staining (R =0.18 + 0.03) (Fig. 3A). Env
NX-127 and NX-159 staining was observed mainly in the perinuclear region, with only a partial
overlap with TGN-46 labeling (for Env NX-127 R = 0.51 % 0.06, for Env NX-159 R = 0.50 +
0.09) (Fig. 3B). The corresponding clones containing the Ygo-Wgos/R mutation displayed a less
concentrated staining around the nucleus (for Env NX-127ggo3 R = 0.41 £ 0.07, for Env NX-159
rso3 R = 0.37 £ 0.06). These results are consistent with those obtained with the full-length Env
and suggest that the CT of the primary Env protein determines the specific intracellular
distribution of the protein.

We evaluated the impact of mutations in the tyrosine and diaromatic motifs on the
parental NL(ADS8) Env, by analyzing the intracellular distribution of Env NL(ADS)-NX
containing either mutations characterized in previous studies (mutation Y72/A-SPL in the
tyrosine motif or YgpaWgoa/SL in the diaromatic motif) or mutations found in the primary Env
used in this study (mutation Y712/H-SPL in the tyrosine motif or Ysgoa-Wso3/R in the diaromatic
motif). Env NX-WT, which has a gp41 CT identical to that of the NL4-3 TCLA virus, was
detected mostly in the perinuclear region and colocalized with TGN-46, as previously described
for Env from TCLA viruses (Fig. 3C). Mutations in the tyrosine motif (either Y;12/A-SPL or
Y712/H-SPL) resulted in less concentrated intracellular staining, with the persistent labeling of
peripheral speckles, similar to that observed with Env NX-208712. Mutations in the diaromatic
motif resulted in less concentrated staining in the perinuclear area, giving a pattern similar to that

observed with Env NX-1 27R803 and NX-1 59R803-
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Thus, determinants located within the gp41 CT of primary Env control the distribution of
these proteins, directing some of them to vesicular structures dispersed throughout the cytoplasm.
Furthermore, the intracellular distributions of primary Env proteins with CTs harboring mutations
within the tyrosine or diaromatic motif differed, to various extents, from that of the
corresponding Env clones without mutations in these determinants, confirming the involvement
of these motifs in primary Env contexts.

Env proteins carrying the gp41 CT from primary viruses are redistributed to the cell
surface when coexpressed with Gag. We investigated possible differences in the intracellular
distributions of Env proteins harboring gp41 CT sequences from primary viruses produced
together with Gag, by transferring the gp41 CT sequences from NL(ADS8)-NX expressors in the
HIV-1 molecular clone pNL(ADS8)-NX, as described in the Materials and Methods section.
Molecular pNL(ADS8)-NX clones containing mutations in the tyrosine or diaromatic motifs were
obtained in a similar way. Hela cells were transiently transfected with the various proviral
plasmids, to check for the production of Env proteins. No significant difference in p24 production
was found between the various NL(ADS8)-NX viruses, indicating the absence of unanticipated
defects in the RNA sequence and the synthesis of a functional Rev protein. Hela cell lysates
were analyzed by western blotting for specific characterization of Env glycoprotein production.
After staining for gp120, the membrane was stripped and reprobed for p24, to rule out differences
in transfection efficiency and loading. All Env proteins were correctly produced and processed
(data not shown).

The intracellular distribution of Env in transfected Hel.a cells was compared with that of
TGN-46 and p17 (matrix) viral proteins by laser confocal microscopy. The anti-p17 antibody
used specifically recognizes the mature form of matrix, but not the unprocessed precursor Pr5598

(38, 39). Since the majority of Gag processing occurs only after virus particles are formed, the
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staining obtained with this antibody most likely represents the sites at which virus assembly
occurs (23). Cells were analyzed 40 h after transfection and treated with cycloheximide, as
previously described. When produced together with Gag, Env NX-WT displayed a pattern of
punctate staining at the cell surface (Fig. 4 A). A similar intracellular distribution was observed
with the NL(ADS8)-NX viruses carrying mutated gp41 CT (data not shown) or primary gp41 CT
(Fig. 4 A). This cell-surface staining was accompanied by diffuse cytosolic staining of variable
intensity, depending on the nature of the CT. Env and Gag showed a high degree of
colocalization at the cell surface, for all viruses except the NL(AD8)-NX-159%g0; virus (Fig. 4 A).
For this virus, some of the punctate staining at the cell surface corresponded to Gag proteins only.
The colocalization of staining for Env proteins, such as NX-WT or NX-208, and TGN-46 was
much weaker than that observed for Env and TGN-46 in the absence of Gag (data not shown).
These results suggest that Env proteins, including those carrying primary gp41 CT with markedly
divergent sequences, are found, at least in part, at the cell surface in the presence of Gag. The
changes in colocalization between Gag and Env induced by the gp41 CT of Env NH-159%g03 were
the only changes strong enough to be discerned clearly by confocal microscopy.

HeLa cells transfected with proviral plasmids were also analyzed by electron microscopy.
Predominant budding at the cell surface was observed for all NL(ADS8)-NX viruses carrying
mutated gp41 CT or primary gp41 CT, as shown previously by confocal microscopy analyses.
Electron micrographs of Hel a cells transfected with the pNL(AD®)-NX-WT or pNL(ADS8)-NX-
159 proviral plasmids shown in Fig. 4 B are representative of those obtained for all NL(ADS)-
NX viruses. Thus, the various Env proteins studied had no apparent effect on the site of viral
budding in HeLa cells.

The gp4l CTs from primary viruses have differential effects on viral replication

kinetics. We characterized the phenotype of the NL(ADS8)-NX viruses carrying primary gp41 CT
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or mutated gp41 CT in the spread of infection, using a T-cell line (MT4.RS), primary human
PBMC and macrophages for replication kinetics experiments. The amounts of virus obtained by
transfecting 293T cells with proviral clones pNL(ADS)-NX containing primary or mutated gp41
CT were normalized such that all samples contained equal amounts of p24 capsid protein. The
TCIDs values per ng of p24 determined on P4P cells (CD4'CXCR4'CCR5" adherent HeLa cells)
were similar for the various viral stocks produced in 293T cells (data not shown). The inoculum
was adapted for each cell line, based on permissiveness to NL(ADS8)-NX viruses. Replication
kinetics were compared by determining the level of p24 capsid protein in cell culture
supernatants.

In MT4.RS cells, the NL(AD&)-NX-WT, 208, 523 and 523y, viruses replicated with
similar kinetics (Fig. SA). In contrast, the replication kinetics of the NL(ADS8)-NX-2087;, virus
was strongly affected, with p24 levels lower, by a factor of 30.5, than those for the isogenic viral
clone with no mutation in the tyrosine motif, four days after infection. The NL(ADS8)-NX-127
and 159 viruses had similar replication efficiencies (Fig. SA). The NL(ADS8)-NX-127ggo3 virus
showed a slight decrease in replication rate whereas NL(ADS8)-NX-159gg03 virus was more
strongly affected, with p24 levels four days after infection lower than those for the isogenic viral
clone with no mutation in the diaromatic motif by a factor of 12.9. All the control NL(ADS8)-NX
viruses containing a mutation in the tyrosine or diaromatic motif had similar replication kinetics
in MT4 RS cells, with the exception of NL(AD8)-NXsgoz.1803 Virus, which replicated at a slightly
slower rate (Fig. 5A). The strongest impact on viral replication was observed with the NL(ADS)-
NX-208g712 and NL(AD8)-NX-159gg03 viruses, which contain a gp41 CT derived from subtype B
viruses. We checked that the observed effects were not related to differences in the amino-acid
sequence of the gp41 CT other than that affecting the tyrosine or diaromatic motif (see Fig.1), by

generating the proviral constructs pNL(ADS8)-NX-208712 and pNL(AD8)-NX-15%%sg03, in which
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the mutation was eliminated and the wild-type tyrosine or diaromatic motif restored. These
viruses had similar replication kinetics to NL(ADS)-NX-208 and NL(ADS&)-NX-159,
demonstrating that the effects on viral replication observed with the NL(AD8)-NX-208y72 and
NL(AD8)-NX-159sg3 viruses were due to modification of the tyrosine or diaromatic motif (data
not shown). Thus, the gp41 CT from some primary Env influences viral replication kinetics in
MT4.RS cells whereas these cells are similarly permissive for the growth of NL(ADS) viruses
harboring mutations in the tyrosine and diaromatic motifs. This later observation is consistent
with previous reports that the parental MT4 cell line is permissive for the growth of TCLA
viruses containing mutations in the tyrosine motif or even a C-terminal truncation of the gp41 CT
(14, 35).

NL(AD8)-NX-WT was the virus that replicated most rapidly in PBMC (Fig. 5B). The
replication kinetics of the NL(ADS8)-NX-523, 52312 and 208 viruses were slightly slower,
whereas the effect on the replication kinetics of the NL(AD8)-NX-208y12 virus was greater, with
p24 levels in the culture supernatant 6 days after infection lower than those for the isogenic viral
clone with no mutation in the tyrosine motif by a factor of up to 15.3. The NL(AD®)-NX-127 and
159 viruses had replication kinetics of the same order of magnitude (Fig. 5B). The corresponding
isogenic viral clones with mutated diaromatic motifs replicated more slowly. NL(ADS)-NX-
159rs03 virus showed the largest effect on replication kinetics, with p24 levels in the culture
supernatant falling below 500 pg/ml for 10 days after infection. All NL(ADS)-NX viruses
containing a mutation in the tyrosine or diaromatic motif displayed a slight decrease in
replication kinetics, with the exception of NL(ADS8)-NXsgp.1803, Which was more strongly
affected (Fig. 5B). Thus, although maximal yields differed, the hierarchy of replication rates was

similar in PBMC and MT4 cells.
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NL(AD8)-NX-WT also replicated more rapidly than any other virus in macrophages (Fig.
5C). Interestingly, the hierarchy of replication kinetics observed for viruses containing a primary
CT with a mutation in the tyrosine motif differed from the kinetics observed in MT4.RS5 cells and
PBMC. NL(ADS8)-NX-523p71, replicated slightly faster than NL(ADS8)-NX-523. Surprisingly,
NL(AD8)-NX-208g712 replicated more rapidly than NL(AD8)-NX-208, with a maximum
difference of a factor of 3.5 in p24 levels in the culture supernatant, 10 days after infection.
Conversely, the hierarchy in replication kinetics of viruses containing primary gp4l CTs with
mutations in the diaromatic motif closely matched that observed in PBMC and MT4.RS5 cells
(Fig. 5C). The difference in replication kinetics was greatest between the NL(AD8)-NX-159 and
159s03 viruses, with a maximum difference in p24 levels in the culture supernatant of a factor of
114, 10 days after infection. NL(ADS8)-NX viruses containing a mutation in the CT replicated at a
markedly lower rate, with the exception of NL(ADS8)-NXa7n2, which displayed replication
kinetics similar to those for NL(ADS)-NX-WT (Fig. 5C).

Thus, the impact of mutations in the tyrosine or diaromatic motif differed, according to
the primary gp41 CT studied. In particular, viruses with gp41 CT derived from the two subtype B
HIV-1 (208 and 159) included in this study were the most strongly affected. Furthermore, the
impact of mutations in the tyrosine and diaromatic motifs was also cell-dependent, suggesting
that the mechanisms controlling the intracellular distribution of Env may differ in the cell types
used here.

The gp41 CTs from primary viruses have differential effects on Env incorporation.
We assessed the efficiency of Env incorporation for the various NL(AD8)-NX viruses carrying
primary gp41 CTs or mutated gp4l CTs, by setting up a sensitive Env ELISA and assaying
lysates of purified virions. Various antibodies (human Mab 2G12 and a pool of human sera from

HIV-1-infected patients) for detecting the gp120 captured on the solid phase were tested. The
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data obtained with the human Mab 2G12 are reported here, as background was lowest for this
antibody. However, similar results were obtained with the pool of human sera, showing that the
differences in gp120 incorporation between the various viruses did not depend on variations in
the antigenic properties of Env.

Following the transfection of Hel.a cells, the NL(AD8)-NX-WT virus incorporated the
highest level of gpl120 (Fig. 6A). NL(ADS8)-NX-208, 208m712, 523 and 523m72 virus lysates
contained similar amounts of gpl120. Only viruses containing the primary gp4l CT with a
mutation in the diaromatic motif incorporated less gp120 than the corresponding virus with no
mutation. Mutations in the tyrosine or diaromatic motifs of the gp41 CT of the NL(AD8)-NX
virus did not affect Env incorporation. The amounts of gp120, gp41 and p24 found in the various
virus lysates were determined by western blotting, as described in the Materials and Methods
section. The results were consistent with those obtained by ELISA, demonstrating that the
difference in gp120 incorporation observed in ELISA reflected Env incorporation rather than
excess shedding. Indeed, similar defects in gpl120 and gp41 incorporation were observed in
NL(ADS8)-NX-159%s03, in comparisons with the NL(ADS8)-NX-159 and NL(ADS)-NX-WT
viruses (Fig. 6D).

In MT4.RS5 cells, the NL(ADS8)-NX-WT virus incorporated the highest level of gp120
(Fig. 6B). Interestingly, gp120 incorporation levels were much lower for NL(ADS8)-NX-208g712,
than for NL(ADS)-NX-208 virus. The level of gp120 incorporation for NL(AD®8)-NX-523 and
523712 remained similar to that previously observed in HeLa cells. The differences in the gp120
incorporation between NL(AD8)-NX-127, 127gg03, 159 and 159gs03 were also similar to those in
HeLa cells. Mutations of the tyrosine or diaromatic motif in the gp41 CT of NL(AD8)-NX
viruses slightly decreased gpl120 incorporation. The deficit in gp120 incorporation was most

marked with the virus containing the YgoxWs03/SL mutation. Thus, defects in Env incorporation
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closely matched the replication kinetics of these viruses in MT4.R5 cells. The NL(ADS8)-NX-
208712 and 159gges viruses, which incorporated the smallest amounts of Env, had the slowest
replication kinetics.

The hierarchy of Env incorporation observed in MT4.R5 cells was respected in PBMC
(Fig. 6C). The largest differences in gp120 incorporation were those between the NL(ADS8)-NX-
159 and 159gsg0s viruses, and between the NL(AD®)-NX-208 and 2087, viruses. The difference
in gp120 incorporation in MT4.R5 cells and PBMC between the NL(AD®)-NX-208 and 208712
viruses contrasts with the similar levels of gp120 incorporation observed in HeLa cells, providing
evidence for cell type-dependent perturbation of the assembly process by mutation of the tyrosine
motif in this primary CT context. These results demonstrate that the changes in replication
kinetics observed for NL(AD®)-NX-159%sg03 and NL(AD®)-NX-208712 viruses were probably
due to the impaired incorporation of Env in the virions produced by T cells. The NL(ADS8)-NX-
523 virus remained an exception, as the Y;12/H-SPL mutation had no effect on Env incorporation

in the various target cells tested.

DISCUSSION

The numerous functions of the gp41 CT, and particularly those involved in determining Env
intracellular trafficking and assembly onto core particles, have generally been assessed with only
a small number of virus clones, mostly TCLA virus strains. Here, we studied the gp41 CT of
primary Env proteins from four patients infected with HIV-1 of subtype B or G or a circulating
recombinant form, CRFO2_AG. In addition to the natural genetic diversity between HIV-1 of
various subtypes and CRFs, the Env sequences retained for this study also presented a genetic
polymorphism at the quasispecies level, within the tyrosine-based Y712SPL or the diaromatic

Y302 Wsgos motif. These two motifs have been identified as two of the main determinants regulating
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Env intracellular trafficking and distribution. Using these primary Env proteins, we showed that
genetic differences between HIV-1 primary gp41 CTs at the quasispecies or subtype level can
have a specific influence on the intracellular distribution of Env, its incorporation into virions and
viral replication capacity.

Previous confocal microscopy studies have shown that the HIV-1 Env of TCLA viruses,
such as HXB2, is located primarily in the TGN at steady state (4, 5). We show here that primary
Env proteins may display different distributions in the cytoplasm of HeLa cells. The most striking
intracellular distribution pattern was that of Env 523. This Env protein was located in vesicular
structures dispersed throughout the cytoplasm. Using a pNL(ADS)-based Env expressor
harboring primary gp41 CT, we showed that Env 523 CT contained the necessary determinants
for a vesicular distribution of Env. Antibody uptake assays, in which living cells were incubated
for 1 h at 37°C with anti-Env antibody 2G12 before fixing and processing, showed that Env-NX-
523 was transiently expressed at the cell surface of some cells (data not shown). However,
confocal microscopy analysis of the subcellular distribution of Env at steady state showed that
each preparation of transfected cells contained a mixture of cells with different levels of Env
expression. Thus, Env 523 may reach the cell surface in cells producing large amounts of this
protein, whereas most of the Env 523 may follow a different route toward an intracellular
compartment. We tried to characterize the intracellular compartment containing Env NX-523
further, using antibodies directed against the early endosomal marker CD71 (the transferrin
receptor) or the late endosome/multivesicular body marker CD63. Env NX-523 displayed some
colocalization with CD71-labeled vesicles, but Env staining persisted in vesicles not labeled with
the anti-CD71 antibody (data not shown). No specific colocalization with  the late
endosome/multivesicular body marker CD63 was detected (see supplemental Fig. Sl1).

Interestingly, different Env subcellular distributions were observed with the proteins from the
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other three patients studied here. Env 208 behaved like a TCLA Env, with its staining matching
that for TGN-46 in the perinuclear area. The tyrosine-based signal was dominant in this context
because Env 208y712 showed less concentrated intracellular staining, with the persistent labeling
of peripheral speckles. Other primary Env proteins, such as Env 127 and 159, showed an
intermediate intracellular distribution, as they were detected mainly in the perinuclear region, but
displayed only partial colocalization with the TGN. The corresponding clone containing the Ysggo-
Wgos/R mutation showed less concentrated staining around the nucleus. No specific
colocalization with the late endosome/multivesicular body marker CD63 was detected for the
Env NX-208, NX-208m715 NX-127, NX-127gpge3, NX-159 and NX-159g03 clones (see
supplemental Fig. S1). Overall, these results suggest that the tyrosine-based signal and the
diaromatic motif are involved in the intracellular distribution of primary Env, but that the CTs of
these Env proteins also contain specific determinants modulating their intracellular distribution,
potentially resulting in a distribution different from that previously observed with the TCLA Env.
The existence of specific determinants modulating the effect of the tyrosine motif in the Env CT
has been suggested for other lentiviruses, such as the simian immunodeficiency virus (SIV). SIV
has a long Env CT, similar to that of HIV-1. Tyrosine 721 in SIV (SIV-mac239) corresponds to
Y712 in HIV-1. Additional determinants downstream from the tyrosine motif in SIV Env appear to
be important because the tyrosine motif affects endocytosis only in the context of truncated CT,
with only marginal effects observed in the context of a full-length CT (7).

We also investigated the effect of the Y71o/H-SPL mutation in the tyrosine based-signal
and the Yggo-Wses/R mutation in the diaromatic motif in the context of the Env from the
NL(ADB) clone. Previously reported mutations (4, 5), Y712/A-SPL in the tyrosine based-signal
and YgooWse3/SL in the diaromatic motif, were also analyzed for comparison. The Y7o/H-SPL

mutation in the tyrosine-based signal of Env NL(ADRS) resulted in less concentrated perinuclear
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staining, with the persistent labeling of peripheral speckles. Env NL(ADS), containing the
Y712/A-SPL mutation, was distributed similarly, consistent with previous findings (4). Thus, the
Y712/H-SPL and Y+ /A-SPL mutations affected the intracellular distribution of NL(AD®) Env in
similar ways. These results are consistent with the putative role of the tyrosine-based signal,
which is similarly impaired by Y712/A-SPL and Y712/H-SPL mutations. The intracellular
distribution of Env NL(ADS), containing a mutation in the diaromatic motif, was also consistent
with that previously described for TCLA Env proteins with modifications to this motif (5).
Indeed, mutations in the diaromatic motif decreased the concentration of Env staining in the
perinuclear area, consistent with the diaromatic motif being involved in the retrograde transport
of Env to the TGN. Thus, the introduction of mutations into the tyrosine-based motif or the
diaromatic motif of our parental Env NL(ADS) modified the intracellular distribution of Env, as
previously described for TCLA Env.

Several lines of evidence have been put forward to suggest that Gag and Env interact.
Mutations within the matrix region of Gag affect Env incorporation into virions (17, 22). In
polarized epithelial cells, Env expression restricts Gag-mediated budding to the basolateral
plasma membrane (33). Glutathione S-transferase pull-down assays have also revealed an
interaction between Gag and Env irn vitro (12). Confocal microscopy has also shown that most of
the assembling HIV-1 particles are present at the plasma membrane in HeLa cells, with Gag
staining displaying a punctate pattemn coinciding with Env staining (25). We therefore
investigated whether the intracellular distribution of primary Env was affected by the
coexpression of Gag in the same cell. The gp41 CT of the primary Env was used to replace the
corresponding sequence in the proviral clone pNL(ADS). Confocal microscopy analysis of Hel.a
cells transfected with pNL(ADS8)-NX containing sequences encoding the various gp41l CTs

showed that Gag affected the intracellular distribution of Env, with at least some Env being
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retained at the cell surface. Gag/Env colocalization was observed for all the Env proteins studied,
although the intensity of the Env staining colocalized with Gag was lower for some Env, such as
NX-159%s03, than for others. Thus, despite causing different intracellular distributions, the CTs of
gp41 from primary Env proteins contain conserved determinants mediating direct or indirect
interactions with Gag proteins. Such interactions might account for the changes in intracellular
distribution observed for primary Env proteins, via competition between Gag proteins and the
intracellular effectors interacting with their cytoplasmic tails. The influence of Gag expression on
Env trafficking may affect the efficiency of Env retention at the site of virus assembly and its
incorporation into virions.

Previous studies have shown that mutations in the tyrosine-based and diaromatic motifs
affected the replication of TCLA viruses (5, 14, 49). For instance, the Y712/A-SPL mutation in the
tyrosine-based signal affects the replication of HIV-1 NL4-3 viruses in the CEM T-cell line and
PBMC (14). Similarly, the HIV-1 HXB2 harboring a gp41 CT with the Ygp-Wgo3/SL mutations
in the diaromatic motif failed to replicate in the Jurkat T-cell line (5). Based on these published
data and our observations of differences in intracellular distribution between the primary Env, we
compared the replication kinetics of NL(AD8)-NX viruses harboring primary gp4l CT or
mutated gp41 CT in MT4.R5 T-cells, PBMC and macrophages. In MT4.RS5 cells, we found that
some primary gp4l CT had a marked effect on the replication kinetics of HIV-1, even though
these cells have been described as relatively tolerant to mutations or truncations within the gp41
CT of TCLA. Conversely, the NL(ADS8)-NX-523 and 523y, viruses replicated at similar rates.
In this case, the presence of mutation in the tyrosine motif had no effect on viral replication
kinetics. None of the NL(AD®)-NX viruses harboring mutations in the diaromatic motif failed to
replicate. These data suggest that, in some gp41 CT contexts, the diaromatic motif may be less

involved in HIV-1 replication than previously reported for HIV-1 HXB2 and Jurkat T cells (5).



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
N
(=]
o
w
©
=
<
1]
=
@,
o
=
[EEY

29

There must therefore be additional determinants with different effects on viral replication
kinetics, depending on the primary gp4l CT considered, paralleling the differences in
intracellular distribution between the primary Env proteins. The overall hierarchy of viral
replication was similar in PBMC and MT4.RS5 cells. This observation suggests that the
mechanisms underlying viral assembly are similar in these two cell types. Interestingly, in MDM,
viruses containing a primary CT with a mutation in the tyrosine motif displayed replication
kinetics different from those observed in MT4.R5 cells and PBMC. Thus, the determinants of the
gp41 CT involved in the various steps of viral replication may differ in PBMC and macrophages,
reflecting perhaps the occurrence of assembly at different sites in acutely infected T cells and
MDM (40, 43).

Different intracellular Env distributions may result in differences in Env incorporation,
and thus in virus replication kinetics. Indeed, the replication kinetics of NL(ADS)-NX viruses
carrying primary gp41 CT were correlated with the level of Env incorporation into virions.
Several mechanisms may account for the differences in Env incorporation mediated by the
various primary gp4l CTs. The gp4l CT may promote Env recruitment to the site of virus
assembly by interacting with effectors involved in intracellular trafficking pathways. Thus,
differences in the gp41 CT determinants interacting with effectors involved in intracellular
trafficking pathways and/or differences in the expression or distribution of such effectors may be
responsible for the specific effects of primary gp41 CTs in a defined cellular environment. This
may account for Env incorporation being influenced by both the gp41 CT and the cellular
environment. Moreover, the gp41 CT derived from the two primary HIV-1 of subtype B studied
here appeared to be more sensitive to mutations in the tyrosine or diaromatic motif. Interestingly,
most previous studies on Env intracellular trafficking and distribution were carried out with

TCLA HIV-1 of subtype B. In HIV-1 belonging to the subtype G or CRFO2_AG, additional
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unidentified determinants also seem to play a major role in Env trafficking and distribution
within the cell. The potential importance of intersubtype variability on Env distribution and viral
assembly reported here requires confirmation on others isolates of various subtypes. Env
incorporation may also be facilitated by host factors, which may interact differently with the
various primary gp41 CTs. A direct or indirect interaction between the gp41 CT and the matrix
region of Gag is probably required for optimal Env incorporation. Various studies based on site-
directed mutagenesis, deletion or truncation of the gp4l CT have suggested that Env is
incorporated into virions via interactions between LLP and the matrix region of Gag (29, 36, 42).
However, the impact of gp41 CT modifications on Env intracellular distribution was not assessed
in these studies. We found that the matrix was tolerant to variation in the gp4l CT, and
particularly in the LLP, because Env NX-523, harboring a gp41 CT from a subtype G virus, were
incorporated at least as well as Env harboring gp41 CT sequences from subtype B viruses.

In conclusion, these data suggest that the genetic diversity observed within the gp41 CTs
of primary HIV-1 at the quasispecies or subtype level may have different influences on virus
assembly and replication capacity. This may be at least partly due to differences in the gp41 CT
determinants interacting with effectors involved in intracellular trafficking pathways. Further
studies are required to characterize these gp41 CT determinants specific to primary viruses

belonging to a given subtype or CRF.
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FIG. 1. Cytoplasmic domain sequences of Env clones from patient 208, 523, 127 and 159
used in this study. Sequence alignments of gp41 CT are shown for NL(ADS) and for a viral
variant with a mutation in the tyrosine or diaromatic motifs or with no mutation in these
determinants from each patient. The Env sequences upstream from the Nhel restriction site and
downstream from the Xbal restriction site are derived from NL(ADS). Amino acid identity (.),
insertion/deletion (~), or substitutions are indicated. Highlighted domains include the C-terminal
region of the membrane-spanning domain (msd) and the amphipathic alpha-helical domains LLP-

1, LLP-2 and LLP-3. Amino-acid numbers correspond to the HXB2 sequence.

FIG. 2. Localization of primary HIV-1 Env proteins by confocal microscopy. HelLa cells
were transfected with the NL4-3 Env expressor or pCl expression vectors encoding full-length
Env 208, 20812, 523 and 523m712. The transfected cells were fixed and processed for
immunofluorescence with the 2G12 anti-Env Mab and anti-TGN-46 polyclonal antibodies.
Before fixation, all the cells were treated with 50 pg of cycloheximide/ml for 3 h. Colocalization
was assessed by confocal microscopy. A series of optical sections at 0.2-um intervals was

recorded. A representative medial section is shown. Scale bar, 20 pm.

FIG. 3. Localization of Env NL(ADS8) carrying the gp41l CT from primary viruses by
confocal microscopy. Hela cells were transfected with (A) the Env expressors NX-208, NX-
208712, NX-523 and NX-523y712; (B) the Env expressors NX-127, NX127ggg3, NX-159 and NX-
159s03; (C) the Env expressors NX-WT, NXa72, NXpna, NXsgorrsos and NXggos. The

transfected cells were fixed and processed for immunofluorescence with the 2G12 anti-Env Mab
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and anti-TGN-46 polyclonal antibodies. Before fixation, all the cells were treated with 50 pg of
cycloheximide/ml for 3 h. Colocalization was assessed by confocal microscopy, as described in

the legend to Fig. 2. Scale bar, 20 um.

FIG. 4. Coexpression of Env NL(AD8) carrying the gp4l CT from primary viruses with
Gag: analyses of Env distribution by confocal microscopy and viral budding by electron
microscopy. (A) Hela cells transfected with pNL(ADS)-NX-WT, pNL(AD8)-NX-159,
PNL(ADS8)-NX-159g03, pNL(ADS8)-NX-523 and pNL(AD8)-NX-523i71, were fixed and
processed for immunofluorescence with 2G12 anti-Env Mab and anti-p17 Mab. Before fixation,
all the cells were treated with 50 pg/ml of cycloheximide for 3 h. Protein distribution was
assessed by confocal microscopy, as described in the legend to Fig. 2. Scale bar, 20 um. (B)
Transmission electron micrograph of HelLa cells transfected with pNL(AD8)-NX-WT or
PNL(ADS8)-NX-159. Viral budding and particle release were observed principally at the cell

surface, where both immature and mature (see arrow) viruses were present. Scale bar, 0.2 um.

FIG. 5. Replication kinetics of NL(ADS)-NX viruses carrying the gp4l CT from primary
viruses. Virus stocks, obtained by transfecting 293T cells with the indicated molecular clones,
were normalized for p24 capsid protein concentration and used to infect MT4.RS, PBMC or
MDM cells, as described in the Materials and Methods section. Variations in p24 concentrations
were monitored in the culture supernatant over time. Each experiment was performed at least
twice, in duplicate, with similar results in terms of both the hierarchy and extent of replication.

Errors bars indicate the standard deviation for duplicate infections.



1duosnuew Joyine vH

=
0
1]
=
2
(]
o
N
(=]
o
w
©
=
<
1]
=
@,
o
=
[EEY

41

FIG. 6. Env incorporation of NL(AD8)-NX viruses carrying the gp41l CT from primary
viruses. Env incorporation into virions was assessed, using viruses purified by centrifugation
through a 20% sucrose cushion. Viral pellets were lysed in TNE buffer containing 1% Triton X-
100 and gp120 was quantified by ELISA. (A) Virions prepared from HeLa cells transfected with
PNL(ADS8)-NX-208, 20812, 523, 523wz, 127, 127rg0s, 159, 159rs03; pNL(ADS)-NX-WT,
NXar12, NXu712, NXsgor-1803, NXgrsgos and pNL4-3 Aenv (11). (B) Virions prepared from MT4.R5
cells transfected with the same proviral vectors. (C) Virions prepared from PBMC infected with
viruses NL(ADS8)-NX-208, 208712, 523, 523mm12, 127, 127grg03, 159, 159rs03 and NL(ADS8)-NX-
WT, NXan2, NXuri2, NXsgoors03, NXrgos. Data shown are the means of two independent
experiments. Errors bars indicate standard deviations. (D) Analysis of pNL(AD8)-NX-WT, 127,
127rs03, 159 and 159g03 Env incorporation into virions by western blotting. Membranes were
probed with anti-gp120, anti-gp41 or anti-p24 capsid protein antibodies (Materials and Methods).
Gp120 and gp41 protein bands were quantified by densitometry analysis using Bio-1D software
(Vilber Lourmat). Results are presented as the amounts of gp120 and gp 41 incorporated into

virions, expressed as a percentage of wild-type levels.
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