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We have described a CD4-independent variant of HXBc2, termed 8x, that binds directly to CXCR4 and
mediates CD4-independent virus infection. Determinants for CD4 independence map to residues in the V3 and
V4-C4 domains together with a single nucleotide deletion in the transmembrane domain which introduces a
frameshift (FS) at position 706. This FS results in a truncated cytoplasmic domain of 27 amino acids. We
demonstrate here that while introduction of the 8x FS mutation into heterologous R5, X4, or R5X4 Env
proteins did not impart CD4 independence, it did affect the conformation of the gp120 surface subunit,
exposing highly conserved domains involved in both coreceptor and CD4 binding. In addition, antigenic
changes in the gp41 ectodomain were also observed, consistent with the idea that the effects of cytoplasmic
domain truncation must in some way be transmitted to the external gp120 subunit. Truncation of gp41 also
resulted in the marked neutralization sensitivity of all Env proteins tested to human immunodeficiency
virus-positive human sera and monoclonal antibodies directed against the CD4 or coreceptor-binding sites.
These results demonstrate a structural interdependence between the cytoplasmic domain of gp41 and the
ectodomain of the Env protein. They also may help explain why the length of the gp41 cytoplasmic domain is
retained in vivo and may provide a way to genetically trigger the exposure of neutralization determinants in
heterologous Env proteins that may prove useful for vaccine development.

The human immunodeficiency virus (HIV) envelope protein
is a trimeric type I integral membrane protein in which each
monomer consists of a heavily glycosylated surface subunit
(gp120) noncovalently associated with a transmembrane (TM)
domain subunit (gp41) (reviewed in reference 62). The gp120
subunit contains highly conserved domains involved in CD4
and coreceptor binding (46). However, parts of these domains,
particularly the bridging sheet, are poorly immunogenic, due in
part to shielding by N-linked carbohydrate structures, the V3
loop, and the V1-V2 region (61). For its membrane fusion
potential to be realized, Env must first bind CD4, which in-
duces the exposure or formation of a highly conserved domain
in gp120 that is important for coreceptor binding (33, 46, 56,
60). Binding to a coreceptor, most often the CCR5 or CXCR4
chemokine receptor (reviewed in reference 13), triggers the
final conformational changes in Env that ultimately result in
fusion between the viral and cellular membranes.

While the gp120 subunit mediates binding to cell surface
receptors as well as attachment factors, such as DC-SIGN
(reviewed in reference 4), the membrane-spanning gp41 sub-
unit plays a critical role in the actual membrane fusion process
(reviewed in references 9 and 62). The gp41 subunit contains at
its N terminus a hydrophobic fusion peptide that is thought to

insert into the membrane of the cell, thus linking the cellular
membrane with that of the virus. A peculiar feature of gp41 is
its unusually long cytoplasmic domain, typically about 150
amino acids. Truncation of the cytoplasmic domain in vitro has
been associated with enhanced fusion activity but with reduced
viral infectivity (19, 35, 36, 40). In vitro passage of SIVmac in
certain human cell types has been shown to select for variants
with truncated cytoplasmic domains, although the nature of
the resulting growth advantage remains unclear (27). Interest-
ingly, these truncated cytoplasmic domains rapidly revert in
infected animals, suggesting that a long cytoplasmic domain
confers an advantage to the virus in vivo (24, 27).

We have described a CD4-independent variant of HXBc2,
termed 8x, which mediates CD4-independent, CXCR4-depen-
dent infection (25, 31) as a consequence of specific mutations
in the V3 and V4-C4 domains of gp120 coupled with a frame-
shift (FS) mutation at position 706 which results in a truncated
cytoplasmic domain of 27 amino acids (18). The CD4-indepen-
dent phenotype is correlated with increased exposure of the
conserved coreceptor-binding site. We found that introduction
of the FS into the parental HXB2c Env protein increased
exposure of the coreceptor-binding site but was not sufficient
to impart CD4 independence (18).

To further investigate potential functions related to the cy-
toplasmic domain of the HIV type 1 (HIV-1) Env protein, we
placed 8x FS in several primary and laboratory-adapted R5,
X4, and R5X4 HIV-1 strains. We found that truncation of the
cytoplasmic domain invariably resulted in enhanced exposure
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of the highly conserved bridging sheet region in gp120 that is
important for CCR5 binding (46). Introduction of the FS mu-
tation also enhanced the binding of antibodies to the CD4-
binding site in gp120 and to an immunodominant epitope in
the ectodomain of gp41. The FS mutation had little effect on
the binding of antibodies to the V1-V2 region, the V3 loop, or
the C5 domain of gp120. Finally, truncation of the cytoplasmic
domain in multiple Env proteins rendered them sensitive to
neutralization by HIV-positive human sera. These results in-
dicate that truncation of the cytoplasmic domain of HIV-1 Env
directly affects the conformation of the ectodomain of the
protein and provides a way to enhance the exposure of neu-
tralization determinants in gp120 that may be useful for Env-
based immunogens.

MATERIALS AND METHODS

Antibodies. The following reagents were obtained through the AIDS Research
and Reference Reagent Program, division of AIDS, National Institute of Allergy
and Infectious Diseases, National Institutes of Health: HIV-1 gp120 monoclonal
antibodies (MAbs) F105, donated by Marshall Posner (7, 41–43), 2G12, donated
by Hermann Katinger (57), 48d and 17b, donated by James Robinson (34, 55),
and b12 (immunoglobulin G1 [IgG1]), donated by Dennis Burton and Carlos
Barbas (3, 6, 47). MAbs 1331A, 246D, 697D, and 694/98D were produced in the
laboratory of S. Zolla-Pazner (2, 21, 22, 39, 63).

Plasmids and viruses. The parental Env clones for 8x, HXB, NL4-3, UGO-24,
KU-1, JRFL, ADA, and 89.6 gp160 were expressed in pSP73 as previously
described (25). We introduced an FS mutation at amino acid 706 by site-directed
mutagenesis with a Quickchange site-directed mutagenesis kit (Stratagene) and
the conditions recommended by the manufacturer. The following primers were
used: 5�-GCTGTACTTTCTATAGTGAAAAAGTTAGGCAGGGATATTCA
CC-3� and 5�-GGTGAATATCCCTGCCTAACTTTTTCACTATAGAAAGTA
CAGC-3� for HXB, NL4-3, KU-1, and 89.6; 5�-GCTGTGCTTTCTTTAGTAA
AAAAGTTAGGCAGGGATATTCACC-3� and 5�-GGTGAATATCCCTGCC
TAACTTTTTTACTAAAGAAAGCACAGC-3� for UGO-24; and 5�-CTGTAC
TTTCTATAGTGAAAAAGTTAGGCAGGGATACTCACC-3� and 5�-GGTG
AGTATCCCTGCCTAACTTTTTCACTATAGAAAGTACAG-3� for JRFL,
ADA, and ADA-CD4i (a slightly CD4-independent variant of HIV-1 ADA).
Human CXCR4 and CD4 were expressed in pcDNA3 (Invitrogen), while the
luciferase gene was expressed in pGEM2 (Promega) under the control of the T7
promoter. The HIV-1 ADA Env protein was made CD4 independent through
the introduction of two previously described amino acid changes, R190S and
S197N (30).

Cell-cell fusion assay. The cell-cell fusion assay was described in detail previ-
ously (50). Briefly, effector quail QT6 cells were infected with recombinant
vaccinia virus vTF1.1 expressing T7 polymerase (1) and transfected via
Ca3(PO4)2 with Env constructs under the control of the T7 promoter. Target
quail QT6 cells were transfected with CXCR4 or CCR5 and CD4 expression
plasmids under the control of the cytomegalovirus promoter and the luciferase
gene under the control of the T7 promoter. On the next day, effector cells were
mixed with target cells and allowed to fuse for at least 7 h. Fusion was measured
by quantification of luciferase in cell lysates. For neutralization experiments,
serum from either HIV-1-positive individuals or seronegative controls or a given
MAb was added to the effector cells at the time of mixing with the target cells.
Serum and antibody were present at the same dilution during the cell-cell fusion
assay, and neutralization was scored as the percent reduction in luciferase activ-
ity.

Binding assay. The binding assay was previously described (18). Briefly, cells
were infected with recombinant vaccinia virus vTF1.1 expressing T7 polymerase,
transfected via Ca3(PO4)2 with a plasmid containing the Env protein of interest,
and then incubated overnight at 37°C. On the next day, Env-bearing cells were
washed once with phosphate-buffered saline (PBS). Cells were resuspended in
binding buffer (50 mM HEPES [pH 7.4], 5 mM magnesium chloride, 1 mM
calcium chloride, 0.5% bovine serum albumin) and incubated with either 1 �g of
MAb/106 cells or HIV-positive human sera (1:50 dilution incubated with 106

cells) for 20 min at room temperature. Cells were washed once with PBS and
resuspended in 50 �l of binding buffer. Iodinated anti-human IgG (100,000 cpm
in 50 �l of binding buffer) was added to the cells, and the mixture was incubated
for 1 h at room temperature. Cells were collected on Brandel-grade GF/B filters
with wash buffer (same as binding buffer but with 150 mM sodium chloride and

without bovine serum albumin) by using a cell harvester. Counts on filters were
determined by using a Wallac Wizard 1470 automatic gamma counter. Percent
binding was determined by dividing the counts on the filters by the input radio-
activity. Background binding was measured with pcDNA3-transfected cells and
subtracted from the sample signals obtained. The standard error of the mean was
calculated from the values obtained in each experiment, i.e, three experiments
done in triplicate, unless otherwise stated.

Infection assay. Viral stocks were prepared as previously described by
Ca3(PO4)2 transfection of 293T cells with plasmids expressing various Env pro-
teins and the NL4-3 luciferase-encoding virus backbone (pNL-Luc-E�R�) (10,
11). The resulting supernatant was stored at �80°C. For infection, U87 CXCR4-
and CD4-expressing cells were plated in 96-well plates, and 5 �l of pseudotyped
virus was added to each well. For neutralization experiments, antibodies or
serum samples were added to virus at the time of infection. Cells were lysed at
3 days postinfection by resuspension in 60 �l of 0.5% Triton X-100–PBS, and the
resulting lysate was assayed for luciferase activity in a Wallac Microbeta scintil-
lation and luminescence counter by using a luciferase assay kit from Promega.
All values were within the linear range of luciferase detection.

RESULTS

Truncation of the gp41 cytoplasmic domain enhances bind-
ing of MAbs to CD4-induced epitopes in the ectodomain.
MAbs 17b and 48d bind preferentially to the HIV-1 Env pro-
tein in its CD4-bound state (34, 55). Both MAbs bind to CD4-
induced epitopes in the gp120 subunit that are located largely
in the bridging sheet, a highly conserved region of the Env
protein that is important for binding to CCR5 and perhaps
CXCR4 as well (46). Therefore, these MAbs can be used as
surrogates for measuring the exposure of this region. It was
previously shown that the CD4-independent 8x Env binds 17b
well even in the absence of CD4, suggesting that this Env exists
in a partially triggered conformation (18, 25). Sequence anal-
ysis revealed that the 8x Env had an FS mutation in gp41 that
resulted in a truncated cytoplasmic domain of 27 amino acids
that was necessary but not sufficient for the CD4-independent
phenotype (Fig. 1). Introduction of the FS mutation into pa-
rental HXB Env also resulted in increased 17b binding (18).
This observation led us to examine whether changes in the
cytoplasmic domain of gp41 could influence the conformation
of the ectodomain in other contexts. Therefore, we introduced
the FS into R5, R5X4, and X4 HIV Env proteins (Fig. 1),

FIG. 1. Impact of the FS mutation on the cytoplasmic domain
sequence. The amino acid sequence of the HXB Env cytoplasmic
domain (from residues 700 to 750) is shown, with the location of the FS
mutation indicated at position 706. The analogous amino acid se-
quences of all the constructs used in this study are aligned relative to
HIV-1 HXB. A dash indicates amino acid identity, and an asterisk
indicates a stop. wt, wild type.
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transiently expressed these proteins in human 293T cells, and
performed cell surface-antibody binding assays.

Among the four X4 Env proteins tested, all showed in-
creased 17b binding upon introduction of the FS (Fig. 2A).
Enhanced antibody binding was not due to differences in Env
protein expression (see below). The FS mutation also resulted
in greater 17b binding to the two R5 Env proteins tested as well
as to the 89.6 Env protein, a primary R5X4 Env protein (Fig.
2B). In contrast, ADA-CD4i (29, 30) did not show a statisti-
cally significant increase in 17b binding upon truncation of the
cytoplasmic domain. Thus, like the CD4-independent 8x Env
protein, the ADA-CD4i Env protein exists in a partially trig-
gered state, and the binding of CD4-induced MAb 17b was not
further enhanced by the FS mutation.

We also examined the impact of the FS mutation on 48d

binding. Like that of 17b, the epitope of 48d is induced by
binding of CD4 to gp120. Recently, its epitope was reported to
overlap the CCR5-binding site in R5 Env proteins to a greater
extent than that of 17b (S.-H. Xiang, J. Robinson, N. Doka,
R. K. Choudhary, and J. Sodroski, Abstr. 8th Conf. Retrovir.
Opportunistic Infect., abstr. 535, 2001). We found that intro-
duction of the FS greatly increased the binding of this antibody
to all X4 Env proteins tested (Fig. 3A). Likewise, all R5 Env
proteins tested as well as the dualtropic 89.6 Env protein ex-
hibited enhanced 48d binding upon introduction of the FS
(Fig. 3B). In addition, while the FS mutation did not result in
enhanced binding of 17b to ADA-CD4i, it did result in en-
hanced 48d binding (Fig. 3B). This difference may be due to
the fact that ADA-CD4i is only slightly CD4 independent,
mediating fusion with CD4-negative, CCR5-positive cells 15%
as efficiently as with cells that are CD4 positive in our cell-cell
fusion assay (data not shown). Taken together, our results
indicate that shortening of the cytoplasmic domain of gp41 by
introduction of the FS leads to conformational changes in
gp120 that result in the exposure and/or formation of the
conserved coreceptor-binding site.

Length rather than amino acid sequence of the cytoplasmic

FIG. 2. Introduction of the FS mutation leads to enhanced 17b
binding. 293T cells were infected with recombinant vaccinia virus
vTF1.1 expressing T7 polymerase and transfected with the indicated
Env expression plasmid. After incubation overnight, Env-bearing cells
were washed once with PBS, resuspended in binding buffer, and incu-
bated with 1 �g of MAb 17b/106 cells for 20 min at room temperature.
Cells were washed once with PBS and resuspended in binding buffer
with approximately 100,000 cpm of iodinated anti-human IgG for 1 h
at room temperature. Cells were then collected, washed, and counted.
The results were normalized to the amount of binding obtained with 8x
Env set to 100%. Typically, between 5 and 10% of the iodinated
antibody bound to the surface of Env-expressing cells. (A) X4 Env
proteins. (B) R5 Env proteins and R5X4 89.6 Env. The data are
compiled from three experiments each done in triplicate; standard
errors of the mean are shown. Asterisks indicate statistical significance
(t test; two-tailed, assuming unequal variances; P � 0.05). wt, wild
type.

FIG. 3. Introduction of the FS mutation leads to increased 48d
binding. As described in the legend to Fig. 2, Env-expressing cells were
assayed for the ability to bind 48d. The results were normalized to the
amount of binding obtained with 8x Env set to 100%. (A) X4 Env
proteins. (B) R5 and R5X4 Env proteins. The data are compiled from
three experiments each done in triplicate; standard errors of the mean
are shown. Asterisks indicate statistical significance (t test; two-tailed,
assuming unequal variances; P � 0.05). wt, wild type.
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domain explains enhanced 17b and 48d binding. The FS mu-
tation results in a dramatically shortened cytoplasmic domain
of approximately 27 to 43 residues, depending on the Env
protein (Fig. 1). To determine if enhanced 17b and 48d binding
as a result of the FS mutation was due to the shortened cyto-
plasmic domain or the novel sequences that resulted, we in-
troduced a stop codon at amino acid 733 in the HXB and 89.6
Env proteins (resulting in HXB-stop and 89.6-stop, respective-
ly), thus mimicking the premature stop that occurs when the
FS mutation is introduced into the 8x Env but otherwise pre-
serving the wild-type gp41 sequence (Fig. 1). Both HXB-stop
and 89.6-stop exhibited increased 17b and 48d binding (Fig. 4
and data not shown). Therefore, the length of the gp41 cyto-
plasmic domain rather than the artificial sequences introduced
as a consequence of the FS mutation accounted for the in-
creased exposure of the conserved coreceptor-binding site.

Surface expression levels for parental and FS-containing
Env proteins are similar. The cytoplasmic domain of the
HIV-1 Env protein contains both YXXL and LL motifs that
can mediate Env trafficking and internalization from the cell
surface (5, 49). The FS mutation results in the loss of these
sequences and could therefore result in altered cell surface
expression. To examine this notion, each of the Env proteins
examined in Fig. 2 and 3 were transiently expressed on 293T
cells, and cell surface binding assays were carried out with
HIV-positive human serum as well as MAb 1331A (Fig. 5 and
data not shown). This MAb recognizes a conformation-depen-
dent epitope in the C5 region of gp120 and binds with high
affinity to a number of laboratory-adapted and primary isolates
(39). Using this MAb as a probe, we detected no differences in
surface expression between the various parental and FS-con-
taining X4 (Fig. 5A), R5 (Fig. 5B), or R5X4 (Fig. 5B) Env
proteins. Similar results were obtained when HIV-positive hu-
man serum was used (data not shown). Therefore, the in-
creased 17b and 48d binding resulting from the FS mutation in

multiple Env proteins cannot be accounted for by increased
surface expression of the FS-containing constructs. Rather, the
increased binding of 17b and 48d is due to conformational
changes in gp120 which result from the introduction of a
shorter cytoplasmic domain.

Additional conformational changes occur in gp120 upon
introduction of a truncated cytoplasmic tail into gp41. The
exposure and/or formation of the coreceptor-binding site re-
sults from a significant conformational change in gp120 asso-
ciated with CD4 binding (37, 45, 46). Since all of the constructs
with the FS exhibited increased binding of 17b and 48d even in
the absence of CD4, we tested MAbs directed against other
regions of Env to further characterize the conformational
changes in the ectodomain resulting from the introduction of
the FS mutation into the cytoplasmic domain of gp41. Figure 6
shows that the binding of conformation-dependent MAb F105,
whose epitope overlaps the CD4-binding site in gp120 (7, 8,
41–43), was enhanced by the FS mutation in all of the X4 (Fig.
6A), R5 (Fig. 6B), or R5X4 (Fig. 6B) Env proteins tested.
MAb b12, which also binds to an epitope overlapping the
CD4-binding site (3, 6, 47, 68), also showed enhanced binding
to Env proteins containing the FS mutation (Table 1). MAb
2G12, which recognizes a conformationally sensitive, glycosy-
lation-dependent epitope in gp120 (57), bound more efficiently
to the FS-containing Env proteins, with the exception of ADA,

FIG. 4. The length rather than a specific sequence of the cytoplas-
mic domain results in increased 17b binding. We engineered two Env
proteins with a stop codon at position 733 for HXB (HXB-stop) or 89.6
(89.6-stop). A 17b binding assay was performed to compare the pa-
rental clones (wild type [wt]) with the stop constructs as described in
the legend to Fig. 2. The results were normalized to the amount of
binding obtained with 8x Env set to 100%. The data are compiled from
three experiments each done in triplicate; standard errors of the mean
are shown. Asterisks indicate statistical significance (t test; two-tailed,
assuming unequal variances; P � 0.05).

FIG. 5. FS-containing envelopes have surface expression levels
comparable to those of full-length envelopes. We measured surface
expression levels for all envelope constructs with MAb 1331A, which
binds to the C5 region of gp120, as described in the legend to Fig. 2.
(A) X4 Env proteins. (B) R5 Env proteins and R5X4 89.6 Env. The
results were normalized to the amount of binding obtained with 8x Env
set to 100%. The data are compiled from three experiments each done
in triplicate; standard errors of the mean are shown. wt, wild type.
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where the FS mutation resulted in decreased binding of this
antibody. In contrast, the binding of MAbs to the V3 loop or
the V1-V2 region was in general enhanced only slightly or not
at all by the FS mutation (Table 1). Finally, MAb 246D, which
binds to the immunodominant epitope in the gp41 ectodomain
(39, 63), also showed enhanced binding to Env proteins upon
introduction of the FS, with the exception of ADA. In conclu-
sion, the FS mutation results in significant structural modifi-
cations in the core of gp120 and more subtle changes in the
variable loops. In addition, we also observed antigenic changes
in the gp41 ectodomain, a result which might be expected given
that the effects of the shortened cytoplasmic domain must in
some way be transmitted to the external gp120 subunit.

Truncation of the cytoplasmic domain leads to increased
neutralization sensitivity to MAbs. The CD4-independent
HIV-1 and simian immunodeficiency virus (SIV) Env proteins
that we have examined to date exhibit enhanced neutralization
sensitivity to immune sera (18, 43a). Since the FS mutation
appears to recapitulate some of the antigenic changes associ-
ated with CD4 independence, including enhanced exposure of
the bridging sheet, we examined the consequences of the FS
mutation on neutralization sensitivity using both cell-cell fu-

sion (Fig. 7) and virus infection (Fig. 8) assays. Figure 7A
shows that cell-cell fusion mediated by the FS-containing
JRFL and HXB Env proteins was more efficiently inhibited by
MAb 48d than was that mediated by the corresponding wild-
type proteins, consistent with enhanced binding of this MAb to
Env proteins bearing the FS mutation. Similar results were
obtained when the FS-containing JRFL and UGO-24 Env pro-
teins were compared to their respective parental Env proteins
with 5 �g of MAb b12/ml (Fig. 7B). Additionally, Table 2
shows the fusion inhibition obtained with MAb 2G12 and the
C5 MAb 1331A. Env proteins bearing the FS mutation were
more sensitive to MAb 2G12 neutralization than were the
full-length Env clones, with the exception of ADA. In contrast,
the C5 MAb 1331A did not show any significant difference in
inhibition between the parental and FS-containing constructs,
consistent with the fact that it bound equally well to both
full-length and truncated Env proteins (Fig. 5). We also found
that the FS mutation did not render Env proteins more sensi-
tive to inhibition by soluble CD4 over a concentration range of
0.2 to 5 �g/ml (data not shown).

To confirm that the enhanced neutralization sensitivity as-
sociated with the FS mutation was not an artifact of the cell-
cell fusion assay, we produced HXB and FS-containing HXB
pseudotyped virions and examined their susceptibility to neu-
tralization by MAbs 1331A, 48d, b12, and 2G12 (Fig. 8). MAbs
48d, b12, and 2G12 inhibited infection by viruses bearing the
FS-containing HXB Env more efficiently than HXB Env-bear-
ing virions. As observed with the cell-cell fusion assay, no
significant differences in inhibition of infection were observed
with MAb 1331A.

Truncation of the cytoplasmic domain results in increased
neutralization sensitivity to HIV-positive human sera. It was
previously shown that the CD4-independent 8x Env is effi-
ciently neutralized by HIV-positive human sera and that this
phenotype could be related to its triggered conformation (18).
We tested the ability of HIV-1-positive human sera to inhibit
cell-cell fusion mediated by the panel of wild-type and FS Env

FIG. 6. Additional conformational changes result from the intro-
duction of the FS into the cytoplasmic domain of Env. 293T cells
expressing parental or FS-containing Env proteins were analyzed for
the binding of F105, a conformation-dependent anti-Env MAb, as
described in the legend to Fig. 2. (A) X4 Env proteins. (B) R5 Env
proteins and R5X4 89.6 Env. The results were normalized to the
amount of binding obtained with 8x Env set to 100%. The data are
compiled from three experiments each done in triplicate; standard
errors of the mean are shown. Asterisks indicate statistical significance
(t test; two-tailed, assuming unequal variances; P � 0.05). wt, wild type.

TABLE 1. Binding of antienvelope MAbs to parental
and FS envelopes

Envelopea

Mean � SEM % binding of MAbb:

b12
(CD4bs)

2G12
(complex)

697D
(V2)

694/98D
(V3)

246D
(gp41)

8x 100 100 100 100 100
HXB 54 � 8 53 � 7 95 � 2 96 � 16 41 � 11
HXB/FS 117 � 11 105 � 10 102 � 5 108 � 8 107 � 21
UGO-24 17 � 6 42 � 5 98 � 3 73 � 11 45 � 15
UGO-24/FS 64 � 5 100 � 14 104 � 7 71 � 17 112 � 13
JRFL 65 � 5 57 � 5 97 � 2 99 � 16 40 � 13
JRFL/FS 111 � 6 147 � 12 104 � 3 109 � 21 76 � 20
ADA 49 � 4 63 � 8 96 � 3 90 � 11 34 � 11
ADA/FS 70 � 4 44 � 13 96 � 3 95 � 28 45 � 17
ADA-CD4i 21 � 10 54 � 18 92 � 2 89 � 19 30 � 7
ADA-CD4i/FS 48 � 13 123 � 35 90 � 2 92 � 14 83 � 12
89.6 65 � 3 66 � 21 95 � 6 99 � 20 34 � 10
89.6/FS 116 � 13 153 � 33 123 � 13 116 � 22 112 � 15

a /FS, containing FS.
b Material in parentheses indicates regions for which MAbs are specific. bs,

binding site. Significantly different data are shown in bold. The data are normal-
ized to the amount of antibody bound to the 8� Env. The data are representative
of three experiments done in triplicate.
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proteins to determine if the FS mutation increased the sensi-
tivity of Env proteins to neutralization. As for the MAbs to the
core domain of gp120, we found that HIV-1-positive sera more
easily neutralized the FS-containing constructs (Fig. 9). Similar
results were obtained with viruses bearing the HXB or FS-
containing HXB Env proteins (data not shown). Thus, the FS
mutation in the gp41 cytoplasmic domain alters the conforma-
tion of the external gp120 subunit, enhances the binding of
MAbs to regions of Env important for receptor binding, and
results in a neutralization-sensitive phenotype.

DISCUSSION

Primate lentiviruses have unusually long cytoplasmic tails,
about 150 amino acids for HIV and SIV, compared to 20 to 40
amino acids for most other retroviruses (26). The cytoplasmic
domain contains endocytosis motifs that can modulate the
amount of Env expressed on the cell surface and is also palmi-
toylated, a characteristic which may help Env partition into
lipid rafts and be incorporated into budding virions (32, 38, 48,
49, 51, 64). Several conserved structural motifs are also evident
in the cytoplasmic domain of Env, including two amphipathic
helices that may associate with the inner surface of viral or
cellular membranes (28, 54, 58, 59). Truncation of the cyto-
plasmic domain of HIV-1 is typically associated with reduced
incorporation of Env into virus particles and reduced infectiv-
ity, although these effects are cell type dependent (15, 20, 36,

FIG. 7. FS-containing envelopes are susceptible to neutralization
by MAbs 48d and b12. (A) The ability of MAb 48d to inhibit cell-cell
fusion mediated by JRFL, FS-containing JRFL (JRFL/FS), HXB, or
FS-containing HXB (HxB/FS) was tested at the indicated concentra-
tions of antibody. Cells expressing the indicated Env as well as T7
polymerase were incubated with cells expressing CD4 and either
CCR5 or CXCR4. The receptor-positive cells were also transfected
with a plasmid containing the luciferase gene under the control of the
T7 promoter. After 8 h, cells were lysed and the amount of luciferase
activity, which results from cell-cell fusion, was determined. The indi-
cated amount of MAb 48d was present throughout the 8-h time course.
The data are representative of three experiments done in triplicate;
standard errors of the mean are shown. (B) Two pairs of Env proteins,
JRFL and FS-containing JRFL and UGO-24 and FS-containing UGO-
24, were tested for their sensitivity to neutralization by MAb b12 in the
cell-cell fusion assay. MAb b12 was added to the effector cells at the
time of mixing with the target cells at a final concentration of 5 �g/ml.
b12 was present at the same dilution during the cell-cell fusion assay,
and neutralization was scored as the percent reduction in luciferase
activity. The data are compiled from three experiments done in trip-
licate; standard errors of the mean are shown. Asterisks indicate sta-
tistical significance (P � 0.05). wt, wild type.

FIG. 8. Pseudotyped virions bearing FS-containing envelopes are
more sensitive to neutralization by MAbs. We compared HXB and
FS-containing HXB (HxB/FS) virus pseudotypes for their sensitivity to
neutralization by anti-gp120 MAbs. U87 cells stably transfected with
CD4 and CXCR4 were infected as described in Materials and Methods
in the presence of the indicated MAbs at a final concentration of 0.5
�g/ml. The results are combined from three independent experiments
done in triplicate; standard errors of the mean are shown. Asterisks
indicate statistical significance (P � 0.05). hIg, human immunoglobu-
lins.

TABLE 2. Fusion inhibition by antienvelope MAbs to parental and
frameshift envelopes

Envelopea

Mean � SEM % inhibition of
fusion by MAbb:

2G12 (complex) 1331A (C5)

8x 41 � 7 31 � 2
HXB 1 � 15 31 � 4
HXB/FS 52 � 1 41 � 3
UGO-24 19 � 10 29 � 8
UGO-24/FS 42 � 6 8 � 3
JRFL 7 � 7 45 � 3
JRFL/FS 60 � 4 52 � 5
ADA 43 � 8 22 � 12
ADA/FS 36 � 6 26 � 3
ADA-CD4i 34 � 9 42 � 3
ADA-CD4i/FS 67 � 3 58 � 2

a /FS, containing FS.
b Material in parentheses indicates regions for which MAbs are specific. MAbs

were used at 2.5 �g/ml. Significantly different data are shown in bold. The data
are normalized to the amount of inhibition obtained with human immunoglobu-
lins. The data are representative of at least three experiments done in triplicate.
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65). The FS mutation in the 8x Env (Fig. 1) results in a cyto-
plasmic domain that lacks all of these structural motifs.

We found that truncation of the cytoplasmic domain did not
impart a CD4-independent phenotype to any Env tested. It
did, however, alter the conformation of the ectodomain in a
specific, reproducible way in multiple Env backgrounds. Trun-
cation of the cytoplasmic domain resulted in enhanced binding
of MAbs directed against the highly conserved bridging sheet
region in gp120 as well as to the CD4-binding site. Binding of
antibodies to the V3 loop, to the V1-V2 region, and to the C5
region of gp120 either was not affected by cytoplasmic domain
truncation or was affected only modestly, indicating that dif-
ferences in cell surface expression levels do not account for the
observed phenotype. Enhanced binding of a MAb to the im-
munodominant determinant in the gp41 ectodomain was also
observed. Consistent with the antibody-binding results, Env
proteins bearing shortened cytoplasmic domains were sensitive
to neutralization by antibodies to the bridging sheet, to the
CD4-binding site, and to HIV-positive human serum samples.
Sensitivity to soluble CD4-mediated neutralization, however,
was not affected by the FS mutation. Taken together, these
results show that the truncation of the HIV-1 cytoplasmic
domain that results from the FS mutation causes specific con-

formational changes in the core of gp120 without obviously
affecting the surface expression of the protein or the accessi-
bility of the variable loops to antibody binding.

How might alterations in the cytoplasmic domain of the
HIV-1 Env glycoprotein affect ectodomain conformation? For
this situation to occur, the effects of the truncation must in
some way be transduced across the membrane of the virus or
the cell. Since the Env protein is a homotrimer, differences in
how the TM domains associate with one another could have an
impact on ectodomain stability and conformation. The TM
domains of the influenza virus hemagglutinin protein, for ex-
ample, play an important role in hemagglutinin oligomeriza-
tion and trimer stability (12, 52). Likewise, Spies and Compans
have shown that truncation of the SIVmac239 Env protein
alters the conformation of the TM ectodomain and enhances
fusogenicity without altering surface expression levels and that
oligomers formed by the truncated TM subunit exhibit en-
hanced stability (53). Differences in how the TM domains of
HIV-1 Env interact with one another could likewise alter oli-
gomer stability, perhaps enabling the conformational changes
needed for membrane fusion to occur more easily. We found
that cytoplasmic domain truncation resulted in antigenic
changes in the gp41 ectodomain, a region of Env that is im-
portant for oligomerization (17). It should also be noted that
the FS mutation results in the loss of both amphipathic helices
in the cytoplasmic domain. While the roles that these poten-
tially membrane-active domains play in Env structure, func-
tion, and interactions with other proteins are uncertain, their
highly conserved nature suggests that they are important for
one or more functions. It is also possible that the loss of
palmitoylation as a consequence of the FS mutation causes
Env to partition differently in the plasma membrane. If palmi-
toylation causes Env to preferentially partition into sphingo-
lipid-rich lipid rafts, then local Env density and oligomer sta-
bility could be affected.

There is precedent for alterations in the cytoplasmic domain
having effects on ectodomain structure and function for other
viruses. The murine leukemia virus Env protein, like the HIV-1
Env protein, is an oligomer that is proteolytically cleaved by a
host cell protease into surface and TM domain subunits (23).
After incorporation into the virus, the TM subunit undergoes
additional proteolytic cleavage, resulting in the release of a
16-amino-acid peptide, the R peptide, from the C terminus of
the cytoplasmic tail (23). Cleavage of the R peptide markedly
enhances the fusogenicity of the Env protein and influences
the interaction of two distinct regions of the TM ectodomain
(67). Truncation of the maedi-visna virus Env protein cytoplas-
mic domain also significantly increases its membrane fusion
capacity (66).

While truncation of the cytoplasmic domain was not suffi-
cient to confer CD4 independence, it was required for this
phenotype (18). However, its effects are clearly context depen-
dent in that truncated cytoplasmic domains are not present in
the two other CD4-independent HIV-1 strains that have been
described, nor is cytoplasmic domain truncation a consistent
feature in CD4-independent SIV and HIV-2 strains (16, 30,
43a). Thus, there are likely many ways in which Env can be
triggered in a manner that makes it CD4 independent. For an
Env protein to mediate CD4-independent membrane fusion, it
must successfully engage a specific coreceptor in the absence of

FIG. 9. Pooled HIV-positive human sera potently neutralize FS-
containing envelopes. All envelope constructs were tested for neutral-
ization with pooled HIV-1-positive human sera in the context of a
fusion assay as described in the legend to Fig. 7. The percent inhibition
obtained on cells expressing either CD4 and CXCR4 (A) or CD4 and
CCR5 (B) is shown. The data are compiled from three experiments
done in triplicate; standard errors of the mean are shown. Asterisks
indicate statistical significance (t test; two-tailed, assuming unequal
variances; P � 0.05). wt, wild type; nhs, normal human serum.
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CD4. We found that truncation of the cytoplasmic domain
enabled antibodies whose determinants exhibit significant
overlap with regions in Env important for coreceptor interac-
tions to bind to Env. We do not know, however, if this pheno-
type necessarily translates into the ability to bind directly to a
coreceptor. Furthermore, mere exposure of the coreceptor-
binding site is not sufficient for a CD4-independent phenotype.
Coreceptor binding must also trigger the exposure of the fu-
sion peptide, which is thought to normally result from CD4
binding, as well as the formation of the six-helix bundle in gp41
that is important for eliciting membrane fusion (reviewed in
reference 14). Thus, for an Env protein to acquire CD4 inde-
pendence, it must contain mutations that enable it to bind
directly to a coreceptor, as well as mutations that enable this
binding event to subserve functions that are normally the result
of CD4 binding. It will be important to characterize the relative
contributions of the FS mutation in 8x as well as the two amino
acid changes in the C4 region of gp120 to CD4 independence,
as this characterization may make it possible to understand
how receptor binding to gp120 ultimately results in dramatic
conformational rearrangements in gp41 that lead to membrane
fusion.

Finally, our results indicate that a single base change result-
ing in an FS mutation in the cytoplasmic domain of gp41 can
render multiple Env proteins sensitive to neutralization by
antibodies to the conserved region in gp120 thought to play an
important role in coreceptor binding, antibodies to the CD4-
binding site, and antibodies present in all HIV-positive human
sera that we have tested. This scenario may provide a way to
alter Env conformation, resulting in enhanced exposure of
conserved neutralization epitopes in gp120. It remains to be
seen whether immunization with such modified Env proteins
will result in a more potent humoral immune response to
primary HIV-1 isolates, but there is reason to believe that such
modifications may be of benefit. Reitter et al. showed that the
removal of N-linked glycosylation sites in the V1-V2 region of
SIVmac239 Env resulted in an attenuated phenotype in vivo
coupled with the elicitation of antibodies that could neutralize
the fully glycosylated, parental Env protein (44). It was subse-
quently found that these modifications made these Env pro-
teins more sensitive to neutralization by antibodies to both
CCR5- and CD4-binding sites (43a). Therefore, genetic mod-
ifications of Env that alter the exposure of conserved domains
that play important roles in virus entry have the potential to
improve immunogenicity. The results of this study are notable
in that the effects of the FS mutation were similar in multiple
Env contexts and so may provide a way to alter the immuno-
genicity of multiple Env immunogens.
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