
JOURNAL OF VIROLOGY, Dec. 2004, p. 13409–13419 Vol. 78, No. 24
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.24.13409–13419.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Surface Stability and Immunogenicity of the Human Immunodeficiency
Virus Envelope Glycoprotein: Role of the Cytoplasmic Domain

Ling Ye,1† Zhigao Bu,2† Andrei Vzorov,1 Dahnide Taylor,1 Richard W. Compans,1
and Chinglai Yang1*

Department of Microbiology & Immunology and Vaccine Center, Emory University School of Medicine,
Atlanta, Georgia,1 and National Key Laboratory of Veterinary Biotechnology,

Harbin Veterinary Research Institute, Harbin, People’s Republic of China2

Received 12 April 2004/Accepted 12 August 2004

The effects of two functional domains, the membrane-proximal YXX� motif and the membrane-distal in-
hibitory sequence in the long cytoplasmic tail of the human immunodeficiency virus type 1 (HIV-1) envelope
protein (Env), on immunogenicity of the envelope protein were investigated. Genes with codons optimized for
mammalian expression were synthesized for the HIV 89.6 Env and a truncated Env with 50 amino acids in the
cytoplasmic domain to delete the membrane distal inhibitory sequence for surface expression. Additional genes
were generated in which the tyrosine residue in the YXX� motif was changed into a serine. Pulse-chase ra-
dioactive labeling and immunoprecipitation studies indicated that both domains can mediate endocytosis of
the HIV Env, and removal of both domains is required to enhance HIV Env protein surface stability. Analysis
of immune responses induced by DNA immunization of mice showed that the DNA construct for the mutant
Env exhibiting enhanced surface stability induced significantly higher levels of antibody responses against the
HIV Env protein. Our results suggest that the HIV Env cytoplasmic domain may play important roles in virus
infection and pathogenesis by modulating its immunogenicity.

The human immunodeficiency virus (HIV) envelope glyco-
protein (Env) mediates virus entry into cells and is also a major
target for both cellular and antibody responses (21, 28). It is
synthesized as a precursor molecule, gp160, which is subse-
quently processed into the surface subunit (SU) gp120 and the
transmembrane subunit (TM) gp41 by a cellular protease, and
exists as a trimer of gp120-gp41 heterodimers on viral or cell
membranes (18, 52). gp120 interacts with receptor and core-
ceptor molecules for HIV and mediates virus attachment to
the cell, while gp41 causes subsequent fusion between viral and
cell membranes for releasing viral core components into the
cell during the initial infection process (15). The TM protein
consists of three distinct domains: the extracellular domain, the
transmembrane domain, and the cytoplasmic domain.

The Env protein of HIV as well as other lentiviruses has a
long cytoplasmic domain with over 150 amino acids, in com-
parison to those of other retroviruses, which are about 30 to 50
amino acids in length. Early studies have shown that the long
cytoplasmic domain of HIV Env plays important roles in reg-
ulating Env protein function and virus infectivity (17, 24, 33,
51) and have identified several structural features modulating
these functions, such as modulating surface expression of the
Env protein (3, 4, 6, 27, 32, 45, 53), targeting Env protein to
specific membrane microdomains for assembly (14, 34, 35, 44,
55), and interacting with the viral matrix protein for incorpo-
ration of the Env protein into released virions (1, 11, 16, 20, 22,
39, 57), as well as interacting with other cellular proteins (3, 29,

38, 40, 53). Of particular interest, two distinct regions have
been identified in the long cytoplasmic domain of the HIV Env
protein and shown to regulate its surface expression, a mem-
brane-proximal Tyr-based (YXX�) endocytosis motif (amino
acids 710 to 713 in the HIV 89.6 Env protein), in which �
represents a hydrophobic amino acid with a large aliphatic side
chain, and a membrane-distal dileucine-like motif (amino acids
750 to 785) (6, 45). Of these, the Tyr-based YXX� motif is well
conserved in the cytoplasmic domains of retrovirus Env pro-
teins (37). It has been implicated in membrane fusion activity
of the HIV Env protein, Env incorporation into virions, and
virus infectivity (7, 12, 31, 32, 45, 46, 50). Several studies have
demonstrated that the YXX� motif functions as a sorting
signal to mediate Env protein-directed release of HIV virions
from basolateral surfaces of polarized epithelial cells and re-
lease of HIV and simian immunodeficiency virus (SIV) virions
from specific membrane locations of lymphocytes (14, 34, 35).
Moreover, the YXX� motif in the HIV Env cytoplasmic do-
main has been shown to serve as a potent endocytosis signal to
mediate retrieval of the Env protein from the plasma mem-
brane surface through interactions with the cellular proteins of
the clathrin adaptor protein family (3, 4). Furthermore, evi-
dence from these studies also indicates that other sequences
besides the YXX� motif in the HIV Env cytoplasmic domain
play important roles in modulating surface expression of the
HIV Env protein. Recently, Bultmann et al. identified a mem-
brane-distal surface expression inhibitory sequence (dileucine-
like motif) in the cytoplasmic domain of the HIV Env which is
located about 40 amino acids downstream of the YXX� motif
(6). This segment is conserved in different clades of HIV type
1 (HIV-1) isolates and overlaps with the conserved LLP2 se-
quences in the HIV Env cytoplasmic domain. Fultz et al.
showed that while mutation of the Tyr residue in the YXX�
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motif of the SIVmac239 Env protein did not significantly affect
virus infectivity and cytopathicity in tissue cultures, replication
and pathogenesis of the mutant virus were attenuated during
in vivo infection of rhesus monkeys (23), indicating that the
endocytosis signals may play important roles in regulating virus
replication in the process of in vivo infection. However, the
role of these endocytosis motifs in HIV replication and patho-
genesis remains to be elucidated.

In this study, we examined the roles of the identified endo-
cytosis motifs individually and in combination on the immuno-
genicity of the HIV Env protein by DNA immunization, which
mimics viral protein synthesis, processing, and presentation
during infection. Our results show that mutations in the HIV
Env protein cytoplasmic domain to disrupt or delete these
endocytosis motifs have a profound effect on induction of im-
mune responses against the HIV Env protein, indicating an-
other potential mechanism by which HIV evades the immune
system.

MATERIALS AND METHODS

Synthesis of codon-optimized genes for the wild-type and mutant HIV Env
proteins. A synthetic gene for the HIV 89.6 Env protein with codons optimized
for mammalian usage was synthesized by PCR assembly of long single-strand
DNA templates (100 bases in length) as described in our previous studies (5).
Mutation of the Tyr residue Y710 and truncation of the cytoplasmic domain were
carried out by site-directed PCR mutagenesis. All genes were confirmed by
sequencing and then cloned into a plasmid vector pCAGGS (kindly provided by
Y. Kawaoka) under the control of a chicken �-actin promoter.

Protein expression analysis. Protein expression was analyzed by radioactively
labeling and immunoprecipitation followed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). HeLa cells were transfected with ap-
propriate DNA constructs by using Lipofectamine 2000 (GIBCO-BRL) follow-
ing the manufacturer’s protocol. At 24 h posttransfection, cells were starved in
Met-Cys-deficient Dulbecco’s modified Eagle’s medium (DMEM) for 30 min
and then labeled with [35S]Met-Cys labeling mix (Amersham) for a period of
time as specified for each experiment (see the figure legends). For continuous
labeling, the cells were labeled for 6 h. For pulse-chase experiments, the cells
were labeled for 1 h and then chased in complete DMEM for an additional
period of time as indicated in the figure legends. The cells were then lysed with
lysis buffer at different time points and precipitated with antiserum against
HIV-1 89.6 Env and protein A-agarose beads (Pierce). Surface expression of
HIV Env protein was detected by a surface biotinylation assay as described in our
previous studies (56). Briefly, after labeling and chase, cells were washed with
phosphate-buffered saline (PBS) at 4°C and then incubated with 1 ml of NHS-
SS-biotin dissolved in PBS (1 mg/ml) for 30 min at 4°C. The cells were then lysed,
and Env protein was precipitated with antibody and protein A-agarose beads
overnight at 4°C. Proteins bound to protein A were washed three times with lysis
buffer, and the beads were added with 10% SDS and heated at 95°C for 15 min.
Dissociated proteins were precipitated again with streptavidin agarose beads at
4°C for 3 h and then washed three times with lysis buffer. Protein samples were
then prepared by addition of reducing sample buffer and heated at 95°C for 5 min
prior to analysis by SDS-PAGE.

Immunization of mice. Female BALB/c mice (H-2d) 6 to 8 weeks of age were
purchased from Charles River Laboratories. Plasmids were amplified in Esche-
richia coli DH5� and purified with a QIAGEN Endo-Free Megaprep kit. The
plasmids were then resuspended at 1 �g/�l in sterile PBS and stored at �80°C
until used for immunization. Groups of mice (six per group) were immunized
with a total of 100 �g of indicated DNA construct per mouse by intramuscular
injection with 50 �l of DNA preparation in separate sites in both side quadriceps,
followed by boosting with the same dose of DNA at week 4.

Flow cytometry analysis of immune responses. At 14 days after the boosting
DNA immunization, mice were sacrificed and spleens were removed, homoge-
nized, and compressed through a sterile nylon membrane. Mouse splenocytes
were prepared by lysis of red blood cells with ammonium chloride and washed
twice with RPMI 1640. The cells were resuspended in complete culture medium
(RPMI 1640 plus 10% fetal calf serum (FCS), 50 �M �-mercaptoethanol, and
antibiotic mix), and the cell viability was determined by trypan blue exclusion.
Cells (106) were cultured with pools of peptide (20-mers overlapping by 10 amino
acids) corresponding to the HIV-1 89.6 Env protein (obtained from the NIH

AIDS Research and Reference Reagent Program) for 16 h and then incubated
with brefeldin A (10 �g/ml; Sigma) for an additional 5 h. For assessment of CD8
T-cell responses to a known dominant epitope in the HIV-1 89.6 Env for BALB/c
mice, prepared splenocytes were incubated with the peptide IGPGRAFYAR (10
�g/ml) for 5 h in the presence of brefeldin A (10 �g/ml). Cells cultured with
phorbol myristate acetate plus ionomycin were used as positive controls, whereas
cells cultured with an irrelevant peptide (AMQMLKETI) corresponding to an
H-2d-restricted cytotoxic T-lymphocyte epitope of the HIV Gag protein were
used as negative controls (41). After stimulation, the cells were washed twice
with PBS containing 3% FCS and then stained with PerCP-conjugated rat anti-
mouse CD4 and phycoerythrin (PE)-conjugated rat anti-mouse CD8 antibodies
(Pharmingen). Cells were then fixed and permeabilized with cytofix buffers
(Caltag) and stained for intracellular gamma interferon (IFN-�) allophycocyanin
(APC)-conjugated rat anti-mouse IFN-� antibody (Pharmingen). Flow cytometry
analysis was performed on a BD FACSCalibur with CELLQuest software, and
data were analyzed with Flowjo 4.2 software.

ELISA. Mouse blood was collected by retroorbital bleeding at 14 days after
final DNA immunization. Ninety-six-well plates were coated with purified HIV-1
89.6 gp120-Histag (prepared by Nicald affinity purification using a QIAGEN kit;
3 �g/ml in borate-buffered saline; pH 8.5; 100 �l per well) at 4°C overnight and
blocked with PBS, 0.1% Tween 20, and 3% bovine serum album for 3 h at 37°C.
Serial dilutions of mouse serum were then added to each well in triplicate and
incubated at 37°C for 3 h. Horseradish peroxidase-conjugated secondary anti-
body (Sigma) against mouse immunoglobulin G (IgG) was added for 2 h at 37°C.
After a final wash, ABTS [2,2�-azino-bis(3-ethybenz-thiazoline-6-sulfonic acid);
Sigma] dissolved in citrate phosphate buffer (3 mg of ABTS in 10 ml [pH 4.2]
plus 10 �l of H2O2) was added at 100 �l/well for developing color and read by
an enzyme-linked immunosorbent assay (ELISA) reader at 405 nm. A standard
curve for absorbance and the amount of mouse antibody absorbed to the well was
obtained by coating ELISA plates with serial twofold dilutions of purified mouse
antibodies followed by addition of horseradish peroxidase-conjugated secondary
antibody and development of color. Data were analyzed with the Microsoft Excel
program and are presented as the equivalent amount of Env-binding antibodies
in mouse sera (in nanograms per milliliter), and statistical analysis was carried
out using the Student t test.

Neutralizing antibody assay. A neutralizing antibody assay was performed
using a highly sensitive, single-round infectivity assay as described by Derdeyn et
al. (13). The assay is based on an indicator cell line, JC53-BL (kindly provided by
Tranzyme, Inc.). Briefly, JC53BL cells were seeded at 40,000 cells per well in a
96-well plate in 10% FCS–DMEM overnight at 37°C with 5% CO2. Serum
samples from mice were heat inactivated at 56°C for 30 min and diluted 1:20 or
1:40 in 10% FCS–DMEM to a final volume of 25 �l and added to 25 �l of virus
stock diluted in 10% FCS–DMEM containing 50 infectious particles (final serum
dilution, 1:40 or 1:80). Viruses mixed with medium only were used as controls.
The virus-serum mixtures were prepared in triplicate, incubated at 37°C for 1 h,
and then added to the JC53-BL cells with DEAE-dextran (final concentration, 15
�g/ml). After 2 h of incubation, an additional 200 �l of 10% FCS–DMEM was
added. Three days after infection, the medium was removed and the cells were
fixed and stained as described in our previous studies (49). Neutralization was
calculated as follows: [(average number of blue foci in control wells � average
number of blue foci in virus-serum mixture sample wells)/(average number of
blue foci in control wells)] 	 100%. Data were analyzed by using the Microsoft
Excel program and are presented as the percentage of neutralization by mouse
sera, and statistical analysis was carried out using the Student t test.

RESULTS

Surface expression of the HIV Env protein is enhanced by
mutations to eliminate both endocytosis signals in the cyto-
plasmic domain. The membrane-proximal Tyr-based YXX�
motif in the HIV Env protein cytoplasmic domain has been
shown to serve as an endocytosis signal to regulate surface
expression of the HIV Env protein (45). To investigate the
potential effect of the YXX� motif on immunogenicity of the
HIV Env protein, we synthesized the gene for the HIV 89.6
Env as well as a mutant HIV 89.6 Env in which the Tyr residue
was changed into a serine (designated as Env/Y710S) with
codons optimized for mammalian cell expression as described
in our previous studies (5). The use of synthetic HIV env genes
with codons optimized for mammalian expression gives high-
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level expression of the HIV Env proteins in a Rev-independent
manner, and such constructs have been shown to induce stron-
ger immune responses compared by DNA immunization to
HIV env genes with wild-type codons (2, 26, 58). Also, we
chose to mutate the conserved Tyr residue in the HIV 89.6 Env
protein into a Ser residue based on the report by Deschame-
bault et al. (14) in which they showed that changing the Tyr
residue in the YXX� motif into a serine exerted a more
pronounced effect on surface expression of HIV Env than
changing it into an alanine. Presented in Fig. 1 is a schematic
diagram for the Env proteins encoded by the DNA constructs
used in this study.

For protein expression analysis and DNA immunization
studies, the genes were cloned into the plasmid vector
pCAGGS, driven by the chicken �-actin promoter. Expression
of the HIV 89.6 Env and Env/Y710S was compared in HeLa
cells by transfection with Lipofectamine and radioactive label-
ing followed by surface biotinylation and immunoprecipitation.

As shown in Fig. 2, both Env and Env/Y710S were expressed at
similar levels in the cell, and the amount of gp120 secreted into
the medium was also similar. Moreover, the levels of surface
expression for Env and Env/Y710S were also found to be
similar, as detected by surface biotinylation. These results sug-
gest that disrupting the YXX� motif alone did not significantly
affect the levels of cellular expression, secretion, or surface
expression of the HIV Env protein.

Previous studies have indicated that elements in the HIV
Env protein cytoplasmic domain other than the YXX� motif
may also be involved in regulating surface expression of the
HIV Env protein. Bultmann et al. identified a membrane-distal
dileucine-like motif in the HIV Env cytoplasmic domain that
fits the profile for such an element (6). To examine the effect
of this dileucine-like motif on HIV Env protein surface expres-
sion alone or in combination with the YXX� motif, we gen-
erated genes for truncated HIV 89.6 Env as well as Env/Y710S
proteins to remove the C-terminal 100 amino acids of the
cytoplasmic domain that contains the dileucine motif as a sim-
ple approach to eliminate this putative endocytosis signal,
which involves a stretch of amino acids in the cytoplasmic
domain. The resulting constructs were designated as Env750Tr
and Env750Tr/Y710S, respectively. These genes were also
cloned into the plasmid vector pCAGGS, and expression of
these truncated proteins was compared with Env and Env/
Y710S by pulse-chase radioactive labeling followed by surface
biotinylation and immunoprecipitation to determine the effect
of these putative endocytosis signals on Env protein transport
to the cell surface as well as surface stability. As shown in Fig.
3, similar levels of cellular expression, secretion of gp120, and
surface expression of the Env protein were detected for Env
and Env/Y710S throughout the 1-h pulse and 6-h chase peri-
ods, in agreement with the continuous radioactive labeling
results shown in Fig. 2. Moreover, similar levels of cellular
expression, secretion of gp120, and surface expression were
also observed for both Env750Tr and Env750Tr/Y710S after
the 1-h pulse and up-to-4-h chase, similar to those observed for
Env and Env/Y710S. However, while surface expression of
Env750Tr was reduced significantly after the 6-h chase, similar
to that observed for Env and Env/Y710S, surface expression
for the mutant Env750Tr/Y710S stayed at high levels after the
6-h chase. Similar results were also obtained in the murine
NIH 3T3 cell line, and all constructs were observed to induce
extensive fusion of cells expressing receptor CD4 and core-

FIG. 1. Schematic diagram for the HIV 89.6 Env proteins encoded by synthetic genes. Codon-optimized genes for HIV 89.6 Env, Env/Y710S,
Env750Tr, and Env750Tr/Y710S were synthesized as described in Materials and Methods. The positions for the Tyr residue in the YXX� motif
and for the Ser residue in the mutant and the lengths of each construct are shown.

FIG. 2. Mutation of the Tyr residue in the YXX� motif alone did
not significantly affect HIV 89.6 Env protein surface expression. HeLa
cells were transfected with the DNA constructs encoding HIV 89.6
Env and Env/Y710S by using Lipofectamine 2000. At 24 h posttrans-
fection, the cells were labeled with [35S]Met-Cys labeling mix for 6 h,
followed by surface biotinylation and immunoprecipitation as de-
scribed in Materials and Methods. Protein samples were prepared and
analyzed by SDS-PAGE. Lanes: 1, plasmid vector pCAGGS; 2, Env; 3,
Env/Y710s; Pre, HIV Env precursor gp160; SU, surface subunit gp120;
TM, transmembrane subunit gp41.
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ceptor CCR5 or CXCR4 for HIV-1 (data not shown). These
results showed that mutations to eliminate both motifs are
necessary for obtaining enhanced surface stability of the HIV
Env protein, indicating that each of the two motifs in the
cytoplasmic domain alone can still mediate endocytosis of the
HIV Env protein in the absence of the other.

Mutation of the Tyr residue in the YXX� motif and trun-
cation of the dileucine-like endocytosis motif in the cytoplas-
mic domain do not affect induction of CD8 T-cell responses
against the dominant epitope in the HIV 89.6 Env. To deter-
mine the effect of membrane-proximal YXX� and the mem-
brane-distal dileucine-like endocytosis motifs on immuno-
genicity of the HIV 89.6 Env protein, we used the DNA
constructs to immunize mice and compared T-cell as well as
antibody immune responses induced by these two constructs.
BALB/c mice (groups of six) were immunized with Env, Env/
Y710S, Env750Tr, Env750Tr/Y710S, or pCAGGS (vector con-
trol) at weeks 0 (prime) and 4 (boost) and sacrificed at week 6
for analysis of immune responses. Cellular immune responses

were analyzed by intracellular cytokine staining for IFN-� pro-
duction coupled with flow cytometry (fluorescence-activated
cell sorting [FACS]) of splenocytes from immunized mice after
stimulation with peptide or peptide pools. The gating of CD4
and CD8 T cells from mouse splenocytes and background
levels of IFN-� production by stimulation with an irrelevant
peptide (AMQMLKETI), which corresponds to an epitope in
the HIV Gag protein (41), are shown in Fig. 4A. The typical
results for IFN-�-producing CD8 T cells from immunized mice
after stimulation with the peptide corresponding to the domi-
nant epitope in the HIV 89.6 Env for BALB/c mice are shown
in Fig. 4B, and the average percentages of IFN-�-producing
CD8 T cells for each group are shown in Fig. 4C. These results
showed that the percentages of IFN-�-producing CD8 T cells
in splenocytes from mice immunized with all four DNA con-
structs were similar, at 2, 1.97, 2.36, and 2.5% on average for
Env, Env/Y710S, Env750Tr, and Env750Tr/Y710S, respective-
ly. The splenocytes from the control vector pCAGGS-immu-
nized mice showed background levels of IFN-�-producing CD8

FIG. 3. Combination of Tyr mutation and cytoplasmic domain truncation enhances HIV Env protein stability on cell surfaces. Protein
expression was carried out by transfection of HeLa cells. At 24 h posttransfection, the cells were pulse-labeled with [35S]Met-Cys labeling mix for
1 h and then chased in complete medium for 2, 4, or 6 h, followed by surface biotinylation and immunoprecipitation as described in Materials and
Methods. Protein samples were prepared and analyzed by SDS-PAGE. (A) Pulse-chase radioactive labeling analysis for expression of HIV 89.6
Env and Env/Y712S. Lanes: 1, plasmid vector pCAGGS; 2, Env, pulse only; 3, Env, 2-h chase; 4, Env, 4-h chase; 5, Env, 6-h chase; 6, Env/Y710S,
pulse only; 7, Env/Y710S, 2-h chase; 8, Env/Y710S, 4-h chase; 9, Env/Y710S, 6-h chase. (B) Pulse-chase radioactive labeling analysis for expression
of HIV 89.6 Env750Tr and Env750Tr/Y710S. Lanes: 1, plasmid vector pCAGGS; 2, Env750Tr, pulse only; 3, Env750Tr, 2-h chase; 4, Env750Tr,
4-h chase; 5, Env750Tr, 6-h chase; 6, Env750Tr/Y710S, pulse only; 7, Env750Tr/Y710S, 2-h chase; 8, Env750Tr/Y710S, 4-h chase; 9, Env750Tr/
Y710S, 6-h chase; Pre, HIV Env precursor gp160; SU, surface subunit gp120; TM, transmembrane subunit gp41.
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T cells which were similar to the levels of IFN-�-producing
CD8 T cells stimulated by the control peptide. These results
demonstrated that mutation of the YXX� motif and trunca-
tion of the dileucine-like motif have no significant effect on

induction of CD8 T-cell responses against the dominant epi-
tope in HIV 89.6 Env protein by DNA immunization.

Combination of Tyr mutation and truncation of the cyto-
plasmic domain enhances induction of T-cell responses against

FIG. 4. CD8 T-cell responses induced by DNA immunization against a dominant epitope in the HIV 89.6 Env protein were not affected by Tyr
mutation and cytoplasmic domain truncation or their combination. Groups of BALB/c mice (six per group) were immunized by intramuscular injection
with 100 �g of pCAGGS (vector control), Env, Env/Y710S, Env750Tr, or Env750Tr/Y710S at weeks 0 and 4. At week 6, mouse splenocytes were collected
and stimulated with the peptide IGPGRAFYAR (10 �g/ml) for 6 h at 37°C. The cells were then stained for cell surface CD4 (PerCp) and CD8 (PE),
as well as intracellular IFN-� (APC), and analyzed by flow cytometry. Background IFN-�-producing cells were determined by culturing mouse splenocytes
with an irrelevant peptide (AMQMLKETI). Values in each box are the percentages of the gated population. (A) Gating of CD8 and CD4 lymphocytes
and background IFN-� production by CD8 or CD4 lymphocytes stimulated with peptide AMQMLKETI (control). (B) Representative results of FACS
analysis for IFN-� production by CD8 T cells from each immunization group stimulated with the peptide IGPGRAFYAR. Numbers in lower right boxes
represent percentages of IFN-�-positive CD8 T cells. (C) Percentages of IFN-�-positive CD8 T cells for each immunization group after stimulation with
the peptide IGPGRAFYAR. Error bars represent standard deviations for each group.
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subdominant epitopes in the HIV Env protein. To determine
whether mutation in the YXX� motif or truncation of the
dileucine-like motif might affect broader T-cell responses
against other potential epitopes in the HIV Env protein, we
analyzed IFN-� production by T cells in splenocytes from im-
munized mice stimulated with peptide pools corresponding to
the HIV-1 89.6 Env protein. Four peptide pools covering the
entire HIV 89.6 Env protein were used to stimulate mouse
splenocytes, which were pooled for each group because of the
limited supply of the peptide pools.

As shown in Fig. 5, by stimulation with peptide pool 2, which
covers the region in the Env protein from amino acids 200 to
400 and contains the dominant epitope (amino acids 312 to 321
of the Env protein), similar percentages of CD8 T cells were
induced to produce IFN-� in splenocytes from mice immu-
nized with all four DNA constructs (2.35% for Env, 2.76% for
Env/Y710S, 1.99% for Env750Tr, and 2.73% for Env750Tr/
Y710S), in agreement with the result obtained with stimulation
with the dominant peptide. Also, peptide pool 2 stimulated
similar percentages of IFN-�-producing CD4 T cells from Env-
and Env/Y710S-immunized mice. However, splenocytes from

Env756Tr/Y710S-immunized mice gave higher levels of IFN-
�-producing CD8 T cells when stimulated with peptide pools 1
and 3, compared to splenocytes from mice immunized with
other constructs. Immunization of mice with Env750Tr also
induced moderately higher levels of IFN-�-producing CD8 T
cells compared to immunization with Env and Env/Y710S,
which did not induce significant levels of IFN-�-producing
CD8 T cells above background when stimulated with peptide
pools 1, 3, and 4. These results indicate that induction of broader
CD8 T-cell responses against HIV Env by DNA immunization
is not significantly affected by mutation of the YXX� motif,
moderately enhanced by truncation of the dileucine-like motif,
and further enhanced by combining mutation in the YXX�
motif and truncation of the dileucine motif.

The use of peptide pools for stimulation also allowed us to
assess CD4 T-cell responses induced by immunization with
different DNA constructs. As shown in Fig. 6, CD4 T cells from
mice immunized with all four constructs were stimulated to
produce IFN-� by peptide pool 2 at significant levels above
control vector pCAGGS-immunized mice. However, stimula-
tion with peptide pools 1, 3, and 4 did not induce significant

FIG. 5. Combination of Tyr mutation and cytoplasmic domain truncation enhances induction of broad CD8 T-cell responses. Mouse spleno-
cytes from each group were pooled, and the pooled splenocyte aliquots were stimulated for 16 h with each of the peptide pools covering the entire
HIV 89.6 Env protein, followed by addition of brefeldin A, a further incubation of 5 h, and then stained for surface CD4 (PerCP) and CD8 (PE)
and intracellular IFN-� (APC). Numbers in lower right boxes represent percentages of IFN-�-producing CD 8 T cells gated as shown in Fig. 4A.
Peptide pools are 20-mers overlapping by 10 amino acids. Pool 1, amino acids 1 to 210; pool 2, amino acids 200 to 410; pool 3, amino acids 400
to 610; pool 4, amino acids 600 to 853.
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levels of IFN-�-producing CD4 T cells from mice immunized
with Env, Env/Y710S, and Env750Tr. In contrast, higher levels
of CD4 T cells from mice immunized with Env750Tr/Y710S
were stimulated to produce IFN-� by peptide pools 1 and 3,
although peptide pool 4 did not induce significant levels of
IFN-�-producing CD4 cells. Thus, the combination of a Tyr
mutation in the YXX� motif and truncation of the dileucine-
like motif also enhanced induction of CD4 T-cell responses
against subdominant epitopes in the HIV 89.6 Env by DNA
immunization.

The DNA construct for the mutant Env750Tr/Y710S is more
potent in eliciting antibody responses against the HIV Env
protein. The antibody responses against the HIV 89.6 Env
protein were compared by ELISA to determine the levels of
binding antibody to HIV 89.6 gp120 induced by DNA im-
munization. As shown in Fig. 7, the DNA constructs Env,
Env750Tr, and Env/Y710S induced similar levels of total
IgG antibody binding to gp120, with about 1,500 ng/ml for
Env750Tr and 3,000 ng/ml for Env and Env/Y710S. However,
immunization of mice with Env750Tr/Y710S induced about
three- to fivefold-higher levels of antibody responses against

gp120, with an average of about 9,000 ng/ml. Statistical analysis
showed that the anti-HIV 89.6 gp120 antibody response in-
duced by immunization with Env750Tr/Y710S was significantly
higher than the antibody responses induced by immunization
with other DNA constructs (P 
 0.01 versus pCAGGS; P 

0.05 versus Env750Tr, Env, and Env/Y710S), while no signifi-
cant difference in antibody response levels was detected for
Env-, Env/750Tr-, and Env/Y710S-immunized mice (P � 0.1).
The IgG1 isotype antibody response was also increased in
Env750Tr/Y710S-immunized mice about two- to fourfold com-
pared to responses in mice immunized with the other con-
structs, similar to that observed for the total IgG responses.
Moreover, as shown in Fig. 7C, immunization with Env750Tr/
Y710S also induced a significant amount of IgG2a antibodies
(about 1,300 ng/ml) against HIV 89.6 gp120, while no signifi-
cant amount of IgG2a isotype gp120-binding antibody was
induced by any of the other three constructs (less than 200
ng/ml). These results demonstrate that the Env750Tr/Y710S
construct, which contains both a mutation in the YXX� motif
and truncation of the dileucine motif, is more potent in induc-
ing antibody responses than other constructs. The more pro-

FIG. 6. Combination of Tyr mutation and cytoplasmic domain truncation enhances induction of CD4 T-cell responses. Mouse splenocytes from
each group were pooled, and the pooled splenocyte aliquots (2 	 106 per well in 48-well plate) were stimulated for 16 h with each of the peptide
pools covering the entire HIV 89.6 Env protein, followed by addition of brefeldin A, a further incubation of 5 h, and then staining for surface CD4
(PerCP) and CD8 (PE) and intracellular IFN-� (APC). Numbers in lower right boxes represent percentages of IFN-�-producing CD 4 T cells gated
as shown in Fig. 4A. Peptide pools are 20-mers overlapping by 10 amino acids. Pool 1, amino acids 1 to 210; pool 2, amino acids 200 to 410; pool
3, amino acids 400 to 610; pool 4, amino acids 600 to 853.
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nounced increase for IgG2a antibody suggests that immune
responses induced by immunization with Env750Tr/Y710S are
more biased towards Th1-type immune responses, which typ-
ically exhibit an increased IgG2a/IgG1 ratio (42, 43).

To determine whether induced antibody responses by DNA
immunization are biologically active, we compared neutraliz-
ing activities of mouse sera against single-round HIV 89.6

infection of an indicator cell line, JC53-BL, which is a deriva-
tive of HeLa cells that expresses high levels of CD4, CCR5,
and CXCR4 and also contains a �-galactosidase reporter cas-
sette that is expressed from an HIV-1 long terminal repeat
dependent on production of HIV-1 Tat (13). As shown in Fig.
8, at both 1:40 and 1:80 dilutions, sera from Env750Tr/Y710S-
immunized mice exhibited the highest level of neutralizing
activity, which was significantly higher than that in the sera
from other groups of mice (P 
 0.05). Although sera from Env/
Y710S-immunized mice also exhibited higher levels of neutral-
izing activity than sera from the control vector pCAGGS-im-
munized mice, the differences were not statistically significant.

DISCUSSION

In this study, we investigated the possible effects of the two
putative endocytosis motifs in the HIV Env protein cytoplas-
mic domain on Env protein surface expression and immuno-
genicity. Codon-optimized genes were synthesized for the HIV
89.6 Env protein, and mutant HIV Env proteins with a muta-
tion of the Tyr residue in the YXX� motif into a Ser or
truncation of the dileucine-like motif, or their combination,
were analyzed. Analysis of protein expression showed that all
constructs gave similar levels of expression of the Env protein
as well as secretion of gp120 into the medium. Furthermore,
mutation of the Tyr residue in the YXX� motif or truncation
of the dileucine-like motif alone did not significantly affect
surface expression of the HIV Env protein. On the other hand,
combination of the Tyr mutation and cytoplasmic domain trun-
cation led to enhanced surface stability for the mutant HIV
Env750Tr/Y710S, as shown by pulse-chase radioactive labeling
coupled with surface biotinylation and immunoprecipitation
studies. Analysis of immune responses induced by DNA im-
munization showed that neither mutation of the Tyr residue,
truncation of the cytoplasmic domain alone, nor their combi-
nation exerted a significant effect on induction of the CD8
T-cell response against a known dominant epitope in the HIV
89.6 Env protein. However, the combination of the Tyr muta-
tion and truncation of the cytoplasmic domain enhanced in-
duction of CD4 T-cell responses as well as broader CD8 T-cell
responses against subdominant epitopes. Moreover, the mu-
tant Env750Tr/Y710S DNA construct was more potent in elic-
iting antibody responses, while mutation of the Tyr residue or
truncation of the dileucine-like motif individually did not sig-
nificantly affect antibody induction compared to that with the
wild-type HIV 89.6 Env protein. Furthermore, immunization
with Env750Tr/Y710S elicited significant levels of IgG2a anti-
body responses, indicating the induced immune response is
more biased towards a Th1-type response in comparison to
other constructs. Sera from Env750Tr/Y710S-immunized mice
also showed significantly higher levels of neutralizing activity
against HIV 89.6 compared with sera from the other groups.
These results show that mutation to disrupt the YXX� motif
together with truncation of the dileucine-like motif signifi-
cantly enhanced immunogenicity of the HIV Env protein, in-
dicating that the HIV Env protein may be selected to preserve
both endocytosis signals to down-modulate its immunogenicity
as a mechanism to evade the immune system.

The HIV Env protein contains a long cytoplasmic domain in
which several functional domains or motifs, such as the con-

FIG. 7. The DNA construct for Env750Tr/Y710S is significantly
more potent for inducing antibody responses. Sera from mice immu-
nized with different DNA constructs were collected at 2 weeks postim-
munization and analyzed for antibodies specific for HIV 89.6 Env
protein by ELISA as described in Materials and Methods. The levels of
antibody responses are expressed as the quantity of antibodies (total
IgG, IgG1, or IgG2a) binding to HIV 89.6 gp120 in 1 ml of serum from
each mouse. The results were analyzed with the Microsoft Excel pro-
gram, and error bars indicate the standard deviations for each immu-
nization group.
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served Cys residue for palmitoylation, two lentivirus lytic pep-
tide, calmodulin binding site, the membrane-proximal Tyr-
based YXX� motif, and the membrane-distal dileucine-like
motif, have been identified (3, 6, 29, 38, 40, 44, 45, 53, 55). It
is interesting that in addition to the membrane-proximal
YXX� motif, which is conserved among retrovirus glycopro-
teins, the HIV Env protein also retained a dileucine-like motif
to regulate its surface expression (6). While the two motifs
seem to be redundant with respect to their functions to medi-
ate HIV Env protein endocytosis, preserving both motifs may
be advantageous for HIV to ensure strict regulation of its Env
protein surface expression and minimize induction of immune
responses. Our results show that the presence of either motif
alone can still effectively mediate Env protein endocytosis, as
observed for Env750Tr and Env/Y710S. Furthermore, disrupt-
ing both endocytosis motifs in the HIV Env protein cytoplas-
mic domain is required to augment its ability to elicit antibody
responses. Moreover, cellular expression of the HIV Env pro-
tein and secretion of gp120 were not significantly affected by
these mutations, indicating that the enhanced antibody re-
sponses may result from the increased surface stability of the
mutant Env750Tr/Y710S protein. In our previous studies with
SIV, we found that immunization of mice with DNA constructs
encoding SIV Env proteins with a full-length or truncated
cytoplasmic domain induced similar levels of antibody re-
sponses, although increased Env protein expression was found
for the DNA construct encoding the truncated SIV Env pro-

tein, which has 18 amino acids in its cytoplasmic domain and
contains the intact YXX� motif (48). Taken together, these
results suggest that surface stability, rather than the level of
surface expression, plays an important role in modulating HIV
Env protein immunogenicity.

Although the mechanism by which endocytosis signals reg-
ulate HIV Env protein immunogenicity remains to be deter-
mined, it is possible that rapid endocytosis of HIV Env pro-
teins from the surface of antigen-presenting cells leads to
reduced exposure to the B-cell receptors and therefore re-
duced stimulation of antibody production. The regulation of
immunogenicity by surface stability also provides a possible
explanation for the results reported by Fultz et al. (23), in
which they showed that a mutant SIV with mutation of the Tyr
residue in the YXX� motif was attenuated during in vivo
infection. It is possible that the mutant virus was more suscep-
tible to recognition and attack by the immune system with
increased surface stability of the Env protein. However, we
cannot rule out other possible factors that may also contribute
to regulate the immunogenicity of the HIV Env protein. For
example, truncation of the cytoplasmic domain also deleted
the two LLP segments as well as the calmodulin-binding do-
main, which mediate cytopathicity of the HIV Env protein and
thus prolong the surviving time of the Env protein-expressing
cells for activation of the immune response. Furthermore, mu-
tation of the Tyr residue may prevent the Env protein from
clustering at special membrane locations, whereas truncation

FIG. 8. Neutralization of HIV 89.6 by sera from immunized mice. Sera from immunized mice were mixed with HIV 89.6 at 1:40 and 1:80 final
dilutions, and neutralization of HIV 89.6 was analyzed in JC53-BL cells as described in Materials and Methods. The percentages of neutralization
by each serum sample were calculated and compared. The average neutralization value and standard deviation are shown for each group.
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of the cytoplasmic domain removes a palmitoylation signal that
is critical for its localization in lipid rafts, as shown in other
studies (44). Moreover, Egan et al. reported that in HIV-
infected cells, the activity of the YXX� endocytosis motif is
suppressed by coexpressed Gag protein (19). It is also inter-
esting that the relative amount of uncleaved gp160 on the cell
surface seems to be higher for the truncated Env proteins,
Env750Tr and Env750Tr/Y710S, than for the full-length Env
proteins, Env and Env/Y710S (compare Fig. 3A and B surface
panels). Earlier studies have shown that uncleaved HIV Env
proteins are more potent in eliciting antibody responses (8,
30). This raises the possibility that the long cytoplasmic domain
of the HIV Env protein may also function to delay Env protein
transport to the cell surface to ensure more complete process-
ing for quality control. If this were true, identification of such
potential functional domains in the HIV Env protein cytoplas-
mic tail might aid in the design of mutant HIV Env proteins
with enhanced surface stability and modified processing effi-
ciency for vaccine development. Therefore, it is also possible
that these as well as other yet-to-be-identified factors may act
together to regulate immunogenicity of the HIV Env protein.
Analysis of T-cell responses showed that although induction of
CD8 T cells specific for the dominant epitope in the HIV 89.6
Env protein was not affected, mutations of both endocytosis
signals moderately enhanced induction of CD8 T cells against
potential subdominant epitopes as well as IFN-�-producing
CD4 T cells, as determined by stimulation using peptide pools.
Although the observed enhancement for T-cell responses is
modest, it may be translated into a more drastic effect on
antibody induction through the action of T helper cells. This is
evidenced by the induction of relatively higher levels of IgG2a
antibodies by immunization with Env750Tr/Y710S, which in-
dicates the presence of Th1 helper cells that typically produce
IFN-� upon stimulation (42, 43). Thus, it is also possible that
mutations of the endocytosis signals affect induction of T-cell
responses in DNA immunization, which in turn modulate an-
tibody induction.

Previous studies have shown that in HIV-infected cells Fas
ligand expression is increased due to expression of the HIV Nef
protein, which leads to killing of adjacent T cells through Fas-
mediated apoptosis (25, 54). Furthermore, it has been shown that
Nef protein also down-regulates surface expression of major his-
tocompatibility complex class I molecules in infected cells and
thus enables these cells to evade recognition by cytotoxic T cells
(9, 10, 36, 47). Our results indicate that modulation of Env protein
surface expression by the endocytosis signals in the Env protein
cytoplasmic domain may serve as another strategy for HIV eva-
sion of the immune system. Day et al. reported that both Nef and
the YXXL endocytosis motif act independently to modulate HIV
infectivity (12). It will be interesting to determine whether their
roles in conferring HIV evasion of the immune system are con-
nected or independent of each other. Future studies to delineate
the possible mechanism will provide more insight into HIV
pathogenesis and its interplay with the host immune system, as
well as the development of AIDS vaccines that can induce more
potent antibody responses against the HIV Env protein.
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