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Human immunodeficiency virus type 1 (HIV-1) Nef is a myristylated protein with a relative molecular mass
of 27 kDa, is localized to the cytoplasmic surfaces of cellular membranes, and has been reported to
down-modulate CD4 in human T cells. To understand the mechanism of HIV-1 Nef-mediated down-modulation
of cell surface CD4, we expressed Nef protein in human T-cell line VB. Expression of HIV-1 Nef protein
down-modulated surface CD4 molecules. In pulse-chase experiments, CD4 molecules in Nef-expressing cells
were synthesized at normal levels. However, the bulk of newly synthesized CD4 protein was degraded with a
half-life of approximately 6 h, compared with the 24-h half-life in control cells. This Nef-induced acceleration
of CD4 turnover was inhibited by lysosomotropic agents NH4Cl and chloroquine as well as by the protease
inhibitor leupeptin. Surface CD4 biotinylation experiments demonstrated that CD4 molecules in Nef-
expressing T cells are transported to the plasma membrane with normal kinetics but are then rapidly
internalized. Therefore, HIV-1 Nef-induced down-modulation of CD4 is due to rapid internalization of surface
CD4 and subsequent degradation by an acid-dependent process, potentially lysosomal. Additionally, in a
Nef-expressing cell, we find accelerated dissociation of the T-cell tyrosine kinase p561k" and CD4 but only after
the complex reaches the plasma membrane. This implies that HIV-1 Nef protein might play a role in triggering
a series of T-cell activation-like events, which contribute to p561ck dissociation and internalization of surface
CD4 molecules.

Human immunodeficiency virus type 1 (HIV-1), the etio-
logic agent of AIDS, possesses at least six genes coding for
regulatory proteins in addition to the typical retroviral genes
(gag, pol, and env). In the past decade, these gene products
have been intensively studied to understand their roles during
HIV-1 infection. However, the precise function of these regu-
latory proteins in HIV-1 replication and pathogenesis in
virus-infected individuals remains unclear, even though our
understanding has greatly increased.
One of the regulatory genes, the nefgene, was first identified

as an open reading frame of 648 bp near the 3' end of the
genome, partially overlapping the U3 region (49, 64). It
encodes an approximately 27-kDa protein covalently modified
with the amino-terminal myristic acid from multiply spliced
mRNA transcripts (4, 18). After viral infection, Nef proteins
are expressed from the most abundant, multiply spliced
mRNA, up to 80% of the total early viral transcripts, and are
found predominantly in the cytoplasm associated with the
plasma membrane (52). In vivo expression of Nef protein was
supported by detection of antibodies specific to this protein in
HIV-1- and -2-infected individuals and simian immunodefi-
ciency virus (SIV)-infected monkeys (5, 48).
The open reading frame of the nef gene is well retained

among all primate lentiviruses (HIV-1, HIV-2, and SIV) with
highly conserved amino acid sequences, although amino acid
variations with an in-frame termination codon can be as high as
17% in laboratory isolates of HIV-1 (4, 14, 50). Blumberg et al.
(9), using targeted PCR amplification and DNA sequencing,
showed that the nef gene is normally open in clones derived
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directly from pathologic brain and spleen tissues of HIV-1-
infected children and adults. This selective pressure for the
functional nefgene suggested that HIV-1 Nef protein may play
an important role during in vivo infection, as has been noted
with the SIV system by Kestler et al. (24). In that study, it was
suggested that the nef gene product of SIVmac functions as a
positive effector that is required for a high viral load and
disease progression in infected macaques. Furthermore, it has
also been demonstrated that HIV-1 Nef protein in a cell model
with primary lymphocytes and macrophages plays a positive
role in promoting viral infection and replication (15, 41, 59). In
contrast, in transformed human T-cell lines, Nef protein did
not have a positive effect on viral replication (19, 25).

In addition to the in vivo biological function, many biochem-
ical activities have been ascribed to Nef protein. The earliest
studies suggested that HIV-1 Nef proteins function as a
negative regulatory factor by repressing long terminal repeat-
driven transcription (2, 32, 34, 43). However, subsequent
studies by Kim et al. (25) and Hammes et al. (19) have failed
to support these findings. Additionally, Nef protein was de-
scribed as binding GTP and possessing GTPase activity (18),
which was also subsequently refuted (23, 37, 42). Reproduc-
ible, somewhat less conflicting in vitro studies have shown that
HIV-1 and SIV Nef proteins down-regulate the levels of cell
surface CD4 in human T-cell lines, such as CEM, HPB-All,
and HUT78, as well as in the monocytic cell line U937 (7, 17,
35, 60). Furthermore, murine and simian CD4 molecules on
the cell surfaces of murine T-cell lines (16) as well as murine
CD4 of T cells from transgenic mice (57) were shown to be
down-modulated by HIV-1 Nef expression. These results sug-
gested that Nef proteins utilize a mechanism of action com-
monly shared among different species, although the precise
mechanism remains undefined.

5156



CD4 INTERNALIZATION AND DEGRADATION BY HIV-1 Nef 5157

The CD4 molecule is a glycoprotein of approximately 55
kDa that consists of extracellular domains homologous to
immunoglobulin variable and joining regions, a hydrophobic
transmembrane domain, and a highly charged cytoplasmic
domain. The cytoplasmic domain of human CD4, consisting of
38 amino acids, is highly conserved among human, murine, and
rat CD4 molecules. To better understand the mechanism of
HIV-1 Nef-mediated down-modulation of this molecule, hu-
man CD4+ T-cell line VB was stably transduced with ampho-
tropic retroviral vectors designed to express HIV-1 Nef. In this
report, we demonstrate that the kinetics of CD4 synthesis and
transport to the plasma membrane are unaltered by the
presence of Nef. Nef-mediated CD4 down-modulation is
found to be due to rapid internalization of surface CD4 and
subsequent degradation in an intracellular lysosomal compart-
ment. Furthermore, through surface labeling of CD4 mole-
cules and assessment of p561Ck association, we show that the
Nef-mediated process leading to CD4 down-modulation in-
cludes accelerated dissociation of the CD4-p56ck complex and
that this dissociation is initiated after the complex reaches the
plasma membrane.

MATERMILS AND METHODS

DNAs and cells. To express HIV-1 Nef protein in human T
cells, a 1.0-kbp nef gene fragment of HIV-1 SF2 clone (kindly
provided by Jay A. Levy, University of California, San Fran-
cisco) was cloned into the murine retrovirus expression vector
pLXSN (40). The resulting plasmid was designated pNEF-SF2.
The control plasmid pFEN-SF2 was obtained by inserting the
fragment in an antisense orientation.
Both plasmid DNAs were linearized and transfected into the

amphotropic retrovirus packaging cell line PA317 (ATCC
CRL 9078) by the modified calcium phosphate precipitation
method described by Chen and Okayama (11). Vector-express-
ing PA317 cell lines were selected in medium containing 0.75
mg of the antibiotic G418 per ml, and infectious amphotropic
vector-containing culture media were used to infect human
T-cell lymphoma VB (the AIDS Research and Reference
Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases, National Institutes of Health)
in the presence of 4.0 pLg of polybrene per ml. Vector-
expressing VB cell lines were grown in medium containing 1.0
mg of G418 per ml and were designated VBCON and VBNEF.

Analysis of surface CD4 expression. Flow cytometric analy-
sis (fluorescence-activated cell sorter [FACS] analysis) was
performed on a Becton Dickinson FACScan with Lysis II
software to assess CD4 expression on cell surfaces. Half a
million exponentially growing cells were labeled with fluores-
cein-conjugated anti-CD4 antibody (Olympus Immunochemi-
cals, Lake Success, N.Y.). Debris and nonviable cells were
gated out by forward scatter and the addition of propodium
iodide, respectively.

Radiolabeling, immunoprecipitation, and gel electrophore-
sis analysis. Exponentially growing cells were starved for 30
min in cysteine- and methionine-free RPMI 1640 (ICN Bio-
medicals, Costa Mesa, Calif.) and then pulse-labeled for 30
min in labeling medium containing 3S-labeled methionine and
cysteine (0.1 mCi/ml, 1,000 Ci/mmol) (Tran35S-label; ICN
Biomedicals). Pulse-labeled cells were washed in complete
growth medium and aliquoted for the chase. Immediately after
labeling or the chase, individual cell aliquots were washed in
cold phosphate-buffered saline (PBS) (pH 7.4) and then lysed
in PBS containing 0.1% sodium dodecyl sulfate (SDS), 0.5%
deoxycholate, 1.0% Triton X-100, 1 ,ug of leupeptin per ml, 1

,ug of aprotinin per ml, and 1 mM phenylmethylsulfonyl
fluoride (RIPA buffer).

Radiolabeled CD4, Nef protein, and p561ck were immuno-
precipitated with rabbit anti-CD4 antibody (American Bio-
technology, Cambridge, Mass.), rabbit anti-Nef antibody (the
AIDS Research and Reference Reagent Program 331, Divi-
sion of AIDS, National Institute of Allergy and Infectious
Diseases), and rabbit anti-p56lck antibody (a gift from Mark
Egerton, National Institutes of Health, Bethesda, Md.), re-
spectively. The immune complex was precipitated with fixed
Staphylococcus aureus cells and then separated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) as described pre-
viously (51).

Radioactivity incorporated into protein was quantified by
exposing the dried gel to a storage phosphor screen and
scanning the screen with a Fuji Bas2000.

Cell surface CD4 biotinylation. Biotinylation of cell surface
CD4 was carried out with sulfo-NHS-biotin (Pierce Chemical
Co., Rockford, Ill.) as described previously with some modifi-
cations (31). Briefly, VBCON and VBNEF cells were pulse-
labeled for 30 min and chased for 1, 2, and 4 h in complete
growth medium as described above. Cells were pelleted,
washed once in ice-cold PBS supplemented with 1 mM MgCl2
and 0.1 mM CaCl2 (PBS-plus), and resuspended in freshly
prepared 1 mg of sulfo-NHS-biotin per ml in PBS-plus at 107
cells per ml. After binding for 1 h at 4°C with constant gentle
agitation, cells were collected by centrifugation and washed
once in serum-free RPMI 1640 and twice in PBS-plus. Total
radiolabeled CD4 molecules were precipitated with rabbit
anti-CD4 antiserum, and then biotinylated surface CD4 pro-
teins were reprecipitated with streptavidin-linked magnetic
beads (Dynabeads; Bioproducts for Science, Indianapolis,
Ind.).
Coimmunoprecipitation of p56Ic" with surface CD4. To

detect p561Ck associated with cell surface CD4, cells were
pulse-chased and incubated in serum-free RPMI 1640 with
anti-CD4 monoclonal antibody (HT3.10-28, kindly provided by
Peter Rieber, University of Munich, Munich, Germany) for 1
h at 4°C with constant gentle agitation as described above.
Cells were lysed in NTNE buffer (1% Nonidet P-40, 20 mM
Tris hydrochloride [pH 8.4], 0.15 M NaCl, 2.0 mM EDTA, 1
mM phenylmethylsulfonyl fluoride) on ice, and then excess
unlabeled cell lysates were added to the lysates. CD4 com-
plexes (CD4 and CD4-associated proteins) coupled with anti-
body were precipitated with protein G-agarose (Genex Corp.,
Gaithersburg, Md.). The immune precipitates were divided in
half and reimmunoprecipitated with fixed S. aureus cells cou-
pled with either anti-CD4 antibody or anti-p56 ck antibody.

RESULTS

Expression of HIV-1 Nef protein in human T cells. To
understand the mechanism by which HIV-1 Nef proteins
down-regulate the expression of cell surface CD4, the nef gene
fragment was obtained from HIV-1 isolate SF2 and stably
transduced into human T-cell lymphoma VB with an ampho-
tropic retroviral vector as described in Materials and Methods.
Two G418-resistant cell populations, expressing either the nef
gene-containing vector pNEF-SF2 or the control vector pFEN-
SF2, were designated VBNEF and VBCON, respectively.

In order to determine whether Nef protein is synthesized in
VBNEF cells, cellular proteins were radiolabeled with [35S]me-
thionine-cysteine for 30 min and Nef protein was immunopre-
cipitated with rabbit anti-Nef antibody (Fig. IA). A band of
approximately 27 kDa, corresponding to Nef protein, could be
seen only in the lysates of VBNEF cells, confirming expression
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FIG. 1. Nef expression and surface CD4 down-modulation in Nef-

expressing VB cells. To express HIV-1 Nef protein in human T-cell
line VB, cells were stably transduced with the HIV-1 SF2 nef gene by
using the murine retrovirus expression vector pLXSN. (A) In order to
determine whether Nef protein was synthesized, cell lines VBCON and
VBNEF, expressing only the neo gene or both the nef and neo genes,

respectively, were pulse-labeled for 30 min with [35S]methionine-
cysteine (100 ,uCi/ml). Nef protein was immunoprecipitated with
rabbit anti-Nef antiserum and then separated by SDS-PAGE (10%
polyacrylamide). In VBNEF cells, a band corresponding to Nef protein
with a relative molecular mass of 27 kDa is visible (indicated by an

arrow) while no band is detected in VBCON cells. (B) Surface CD4
down-modulation in VBNEF cells was determined by FACS analysis.
Cells were directly stained with fluorescein-conjugated anti-CD4 anti-
body and then analyzed with a FACScan. A significant reduction in
fluorescence intensity in VBNEF cells with 20 to 30% of surface CD4
labeling is observed, compared with that in VBCON cells.

of the 27-kDa HIV-1 Nef protein in VB cells. Pulse-labeled
cells were further chased for 2 to 24 h (data not shown). In VB
cells, Nef protein is efficiently synthesized and very stable, with
a half-life of approximately 24 h.
Nef protein has been shown to down-modulate surface

expression of CD4 in human T-cell lines. The human T-cell
line VB expresses high levels of CD4 on cell surfaces and has
been reported to be susceptible to HIV-1 infection in a manner

that approximates infection in nontransformed human T help-
er/inducer cells (29). It was, therefore, of interest to determine
whether Nef protein is functional in VB cells. Cells were

directly stained with fluorescein-conjugated anti-CD4 mono-

clonal antibody and analyzed with a FACScan (Fig. 1B) as

described in Materials and Methods. In VBNEF cells, CD4
surface expression is also down-modulated; there is a 70 to
80% drop in fluorescence intensity compared with that of
VBCON cells. The effect of Nef on CD4 in VB cells is specific
since no significant reduction in surface expression of CD3 and
HLA-ABC was observed (data not shown).

In Nef-expressing cells, CD4 protein is synthesized at
normal levels but degraded rapidly. Previously, Nef protein
has been reported to have no effect on the steady-state levels of
CD4 mRNA and CD4 protein (7, 17). However, it is not clear
whether CD4 proteins are synthesized and turned over under
normal kinetics in Nef-expressing cells. Therefore, we analyzed
the fates of newly synthesized CD4 moleculesby a pulse-chase
experiment. Cells were pulse-labeled with [3 S]methionine-
cysteine for 30 min and chased for 2, 4, 6, and 24 h. After each
time point, cells were lysed and then divided in half to
precipitate CD4 and p561Ck with either anti-CD4 or anti-p561ck
antisera, respectively. The results of this experiment are shown

in Fig. 2. Since p561ck is stable with a half-life of 32 h and is not
modulated in Nef-expressing cells (Fig. 2B), p561ck was used as
an internal control in this experiment. Quantifying and com-
paring the amounts of CD4 and p56lck at each time point by
phosphor imaging demonstrated that at the end of the pulse
both cell populations had synthesized equivalent levels of CD4
protein (Fig. 2A, lanes 0).

In control (VBCON) cells, no significant proportion of pulse-
labeled CD4 proteins were lost during the 6-h chase (Fig. 2A,
lanes 0 to 6) and after the 24-h chase, approximately 50%
remained (lane 24). Thus, CD4 protein has a half-life of
approximately 1 day. In contrast, in VBNEF cells, CD4 degra-
dation became evident following a 2-h lag after the pulse (Fig.
2A, lanes 0 and 2) and after that the loss of protein is well
described by a single exponential function with an approximate
6-h half-life (lanes 4 to 24).
These results suggest that Nef expression in VB cells triggers

a rapid degradation of CD4 molecules, which results in down-
modulation of CD4 surface expression on Nef-expressing T
cells. However, it is important to rule out the possibility that
this observed loss of CD4 was due to the secretion of CD4 into
the medium or to a failure to solubilize CD4. In order to
demonstrate that this loss can be attributed mostly to lysoso-
mal degradation, pulse-chase experiments were carried out in
the absence (Fig. 3, lanes 1 and 2) and presence of inhibitors of
lysosomal function: a protease inhibitor to inhibit lysosomal
proteolysis, leupeptin (100 ,ug/ml, lanes 3), and weak-base
amines to neutralize lysosomal acidity, 50 mM NH4Cl (lanes 4)
and 100,uM chloroquine (lanes 5). As shown in Fig. 3, after the
6-h chase, the loss of radiolabeled CD4 in VBNEF cells
(approximately 50%) (lane 2) was suppressed by the addition
of individual inhibitors to the chase medium (lanes 3 to 5).
Thus, CD4 protein in Nef-expressing cells is routed to a low
pH vesicular compartment, presumably the lysosomes, and
subsequently degraded.

Newly synthesized CD4 glycoproteins are transported to the
plasma membrane with normal kinetics but internalized rap-
idly. Previous studies by Jabbar and Nayak (22), and Crise et
al. (12) showed that CD4 and HIV-1 envelope glycoprotein can
interact in the endoplasmic reticulum (ER) and that this
process can lead to the retention of both proteins within the
ER. Thus, the loss of surface CD4 in cells infected with HIV-1
has been proposed to be a consequence of altered intracellular
localization of this protein. Therefore, we examined whether
CD4 was retained in the ER of Nef-expressing cells.

Since CD4 is a glycoprotein with two potential N-linked
oligosaccharide side chains, the transport of this protein from
the ER to the Golgi apparatus was monitored by following the
acquisition of resistance to digestion by endoglycosidase H
(endo H). Both VBNEF and VBCON cells were pulse-labeled
for 30 min and chased for 2 h, and cell lysates were treated with
endo H as described previously (51). A majority of pulse-
labeled CD4 molecules from both cells were susceptible to
endo H digestion but became resistant within 2 h (data not
shown), implying that CD4 transport from the ER to the Golgi
apparatus is not blocked by the presence of Nef. Therefore, in
VBNEF cells, the loss of CD4 is not due to retention and
degradation of the molecule within the ER.
We examined whether CD4 glycoproteins in a Nef-express-

ing cell are first transported to the plasma membrane and then
internalized and delivered to the lysosome, as has been noted
for several lysosomal membrane proteins (10, 30). Because
surface expression of CD4 at any instant in Nef-expressing cells
is substantially reduced, we performed a combined experiment
of pulse-chase labeling and surface protein labeling with biotin
(Fig. 4), as described in Materials and Methods.
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FIG. 2. Kinetics of CD4 protein turnover in control and Nef-
expressing human T cells. To determine the rate of CD4 synthesis and
its turnover, VBCON and VBNEF cells were pulse-labeled for 30 min
with [35S]methionine-cysteine (100 ,uCi/ml) and chased for 2, 4, 6, and
24 h in complete growth medium. Radiolabeled CD4 and p561ck were
immunoprecipitated with either rabbit anti-CD4 or anti-p56Ick anti-
serum, respectively, and then separated by SDS-PAGE (10% poly-
acrylamide). (A) In control (VBcON) cells, pulse-labeled CD4 (indi-
cated by an arrow) (lane 0) is detected without significant loss during
2-, 4-, and 6-h chases (lanes 2 to 6), and following the 24-h chase, 50%
is still detectable. In Nef-expressing (VBNEF) cells, the amount of
pulse-labeled CD4 is measured to be equivalent to that in VBCON cells
(lane 0) and remains without any loss during the 2-h chase (lane 2).
However, following a 2-h lag, a gradual decrease in the intensity of the
CD4 band can be observed after 4- and 6-h chases (lanes 4 and 6), with
one-half of the pulse-labeled CD4 found after the 6-h chase (lane 6).
Following the 24-h chase (lane 24), pulse-labeled CD4 is hardly
detectable. (B) In both cell lines, p56Ick (indicated by an arrow) is
stably expressed and turned over with similar kinetics: the half-life of
the protein is >32 h. Lane designations are the same as those for panel
A.

In non-Nef-expressing cells (VBCON), about 20% of newly
synthesized CD4 proteins were already delivered to cell sur-
faces during the 30-min pulse-labeling (Fig. 4A, lane 0) and the
percentage increased over the chases (Fig. 4B): 40 to 45% had
reached the cell surface 1 h after synthesis (Fig. 4A, lane 1) and
60 to 70% after the 2-h chase (lane 2). Following the 4-h chase,
no significant increase in surface CD4 was observed and the
levels of radiolabeled CD4 were maintained at 65 to 75% (Fig.
4A, lane 4). Similar levels of pulse-labeled CD4 were found on
the surface of VBNEF cells after the 30-min pulse (about 20%)
(Fig. 4A, lane 0) and after the 1-h chase (35 to 40%) (lane 1).
However, a significant loss in labeled CD4 was observed
following the 2-h chase (about 25% of pulse-labeled CD4)
(Fig. 4A, lane 2). After the 4-h chase, pulse-labeled CD4 was
hardly detected on the surface (less than 10%) (Fig. 4A, lane
4). Thus, Nef expression resulted in a 60% drop (relative to
that of control cells) in surface residency after the 2-h chase,
and surface residency decreased further, a nearly 90% drop
from that of the controls, by the 4-h chase.
The implications of the above results are twofold. First,

shortly after synthesis, CD4 molecules in VBNEF cells were
delivered to cell surfaces and accumulated there with kinetics
similar to those observed in the absence of Nef protein. Thus,
we can conclude that Nef expression per se has no effect on
CD4 transport from the ER to the plasma membrane. Sec-

CD4 -_ _`0 M

FIG. 3. Effects of leupeptin, NH4Cl, and chloroquine on CD4
degradation. Pulse-chase experiments were performed to determine
whether the loss of CD4 during the chase in VBNEF cells, shown in Fig.
2, resulted from lysosomal degradation of the protein. VBCON and
VBNEF cells were pulse-labeled for 30 min with [35S]methionine-
cysteine (100 p.Ci/ml) (lanes 1) and chased for 6 h in the absence (lanes
2) and presence of 100 ,ug of leupeptin per ml (lanes 3), 50 mM NH4Cl
(lanes 4), or 100 ,uM chloroquine (lanes 5). CD4 was immunoprecipi-
tated with rabbit anti-CD4 antiserum and separated by SDS-PAGE
(10% polyacrylamide). In VBNEF cells, following the 6-h chase (lane
2), the amount of radiolabeled CD4 (indicated by an arrow) is reduced
to 50% of the level after the pulse (lane 1). However, this drastic
reduction could not be detected in the presence of 100 p.g of leupeptin
per ml (80 to 85% of pulse-labeled CD4) (lane 3), 50 mM NH4Cl
(nearly 100%) (lane 4), or 100 ,uM chloroquine (>90%) (lane 5).
Signals for CD4 in VBCC)N cells can be seen at equivalent levels in the
lanes after a pulse (lane 1) and 6-h chases without (lane 2) or with
individual inhibitors (lanes 3 to 5).

ondly, the turnover of newly synthesized cell surface CD4 in a
Nef-expressing cell is even more dramatic than the decrease in
half-life for total cellular CD4. HIV-1 Nef protein appears to
induce rapid internalization of cell surface CD4, but this
surface phenomenon appears to involve a 1- to 2-h lag,
consistent with the observation described in the legend to Fig.
2, in which newly synthesized CD4 was not subject to degra-
dation within the 2-h chase in VBNEF cells.

Prior to internalization in a Nef-expressing cell, surface
CD4 molecules dissociate from p56Ick. In T lymphocytes, a
CD4 molecule is noncovalently associated with the protein
tyrosine kinase p56lck via the cytoplasmic tail of CD4 and the
amino terminus of p56/ck (55, 61, 63). Formation of the
CD4-p56Ick complex has been reported to occur in the ER
(13). After exposure of CD4+ T cells to either phorbol esters
or appropriate antigen-presenting cells, surface CD4 mole-
cules are rapidly internalized (1, 8, 20, 56). Furthermore, it has
recently been shown that disruption of the CD4-p56"Ik complex
precedes internalization of CD4 (21, 58), leading to the
proposal that association with p561ck may function to keep CD4
molecules on cell surfaces and that perturbation of this asso-
ciation may provide a trigger to initiate internalization of CD4.
However, the mechanism of dissociation of p56/'-k from the
CD4 molecule remains unclear. Therefore, it was of interest to
determine whether Nef protein disrupts association of surface
CD4 with p56lck.

Lack of CD4 accumulation on the surfaces of Nef-expressing
cells led us to design an experiment in which we could trace
newly surface-delivered CD4 and its association with p56lck
before endocytosis occurred. Our previous results, both with
VBCON cells and with VBNEF cells, demonstrated that 1 h after
synthesis 40 to 45% of total CD4 molecules are transported to
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FIG. 4. Kinetics of surface CD4 internalization. Endocytosis of
surface CD4 was determined by a combined experiment of pulse-chase
labeling and surface protein labeling with biotin as described in
Materials and Methods. Cells were pulse-labeled for 30 min with
[35S]methionine-cysteine (100 ,uCi/ml), chased for 1, 2, and 4 h in
complete growth medium, and then incubated with freshly prepared 1
mg of sulfo-NHS-biotinyer ml in PBS-plus at 107 cells per ml for 1 h
at 4°C with constant gentle agitation. Cells were lysed, and total CD4
molecules were immunoprecipitated with rabbit anti-CD4 antiserum.
CD4 was recovered from the immune precipitates by boiling in sample
buffer, and biotinylated CD4 proteins were reprecipitated with strepta-
vidin-linked magnetic beads and separated by SDS-PAGE (10%
polyacrylamide) (A). The amount of radiolabeled CD4 was measured
by phosphor imaging and normalized by the amount of total pulse-
labeled CD4. To simplify the presentation of data, the initial fraction
of CD4 on the surface at time zero (pulse period, P) was assigned an

arbitrary unit of 1. The change in the amount of surface CD4 was then
plotted against time (B). (A and B) After pulse-labeling, radiolabeled
CD4 can be detected on cell surfaces in both cell lines, which contain
approximately 20% of the total radiolabeled CD4 (lanes 0). During the
chases (panel A, lanes 1 to 4), increasing amounts of CD4 can be seen
in VBCoN cells: 40 to 45% after the 1-h chase (lane 1) and 60 to 70%
after the 2-h chase (lane 2). Following the 4-h chase, no significant
increase in surface CD4 is observed, but the levels of radiolabeled CD4
remain at 65 to 75% (lane 4). The levels of pulse-labeled CD4 detected
on the surfaces of VBNEF cells after the 30-min pulse are similar (about
20%) (lane 0); furthermore, an increasing amount of surface CD4 can
be observed after the 1-h chase (35 to 40%) (lane 1). However,
significant losses of labeled CD4 are observed following 2- and 4-h
chases: about 25% after the 2-h chase (lane 2) and less than 10% after
the 4-h chase (lane 4).

the plasma membrane and retained on the cell surface. No
significant endocytosis of surface CD4 was observed during the
first 1-h chase in a Nef-expressing cell, even though most was
internalized within the next 1-h chase. After being pulse-
labeled for 30 min and chased for 1 h, cells were incubated with
anti-CD4 monoclonal antibody for 1 h at 4°C, as described in
Materials and Methods. Surface CD4 complexes (CD4 and
CD4-associated proteins) coupled with antibody were precip-
itated and resuspended, and then CD4 and p561Ck were sepa-
rately reimmunoprecipitated with anti-CD4 and anti-p56 ck
antibody, respectively.
The results of this experiment are shown in Fig. 5. In VBCoN

cells, cell surface CD4 molecules synthesized during the pulse
were coprecipitated with pulse-labeled p561ck proteins at a

ratio of almost 1:0.8 to 0.9 of CD4 to p561ck for radioactivity
incorporated into proteins (Fig. 5, lanes P). After the 1-h
chase, more CD4 and p56lck were detected but the ratio
remained unchanged (Fig. 5, lanes 1). Intracellular CD4 was

separately coimmunoprecipitated with p561ck to demonstrate
that association of CD4 with p56Ick was observed at the same
ratio as that seen with surface CD4 (data not shown). This is
well corroborated by the results reported by Crise and Rose

CD4 p561ck
P 1 P 1

VBCON

VBNEF

FIG. 5. Coimmunoprecipitation of p561ck with cell surface CD4. To
determine whether Nef protein disrupts association of surface CD4
with p56Ick, a typical pulse-chase experiment was carried out as
described in Materials and Methods. After being pulse-labeled for 30
min and chased for 1 h, cells were incubated in serum-free RPMI 1640
with anti-CD4 monoclonal antibody (HT3.10-28) for 1 h at 4°C with
constant gentle agitation and then solubilized in NTNE buffer (1%
Nonidet P-40, 20 mM Tris hydrochloride [pH 8.4], 0.15 M NaCl, 2.0
mM EDTA, 1 mM phenylmethylsulfonyl fluoride). Surface CD4
complexes (CD4 and CD4-associated proteins) coupled with antibody
were precipitated with protein G-agarose and recovered by boiling in
sample buffer. Samples were divided in half, and CD4 and pS6lck were
reimmunoprecipitated with anti-CD4 antibody and anti-p56lck anti-
body, respectively. In VBCON cells during the pulse, pulse-labeled cell
surface CD4 molecules are coprecipitated with pulse-labeled p56Ick
proteins at a ratio of almost 1:0.8 to 0.9 of CD4 to pS61ck for
radioactivity incorporated into the proteins (lanes P). After the 1-h
chase, more CD4 and p56Ick can be detected but the ratio remains
unchanged (lanes 1). In VBNEF cells following the pulse, CD4 and
p56 ck can be observed at a ratio similar to that in VBCON cells (lanes
P). However, following the 1-h chase (lanes 1), an increasing amount
of cell surface CD4 can be seen with a decreasing amount of pS6Ick,
generating a drop in the CD4/p56lck ratio to 1:0.4.

(13) that CD4 molecules associate with p561ck in the ER and
are transferred to and presented on the plasma membrane as

the CD4-p56Ick complex forms.
Shortly after synthesis, CD4 in the presence of Nef protein

interacted with p56lck and was delivered to the membrane at
the normal molar ratio (VBNEgF; Fig. 5, lanes P). Also, internal
CD4 was detected with p56 ck at the same ratio (data not
shown). These results imply that expression of HIV-1 Nef
protein does not interfere with complex formation of CD4-
p561ck in the ER or presentation of the complex on the plasma
membrane. However, following the 1-h chase, a 50% reduction
in the CD4/p561ck ratio was observed (VBNEF; Fig. 5, lanes 1).
During the chase, increased amounts of CD4 were detected on
the surface, whereas much less p561ck was coprecipitated,
generating a drop in the CD4/p561ck ratio to 1:0.4. It appears
that Nef protein triggers surface CD4 molecules to be rapidly
internalized and to dissociate from p561ck prior to internaliza-
tion.

DISCUSSION
In this article, we have described the mechanism by which

HIV-1 Nef protein down-modulates the levels of cell surface
CD4 in human T cells. This Nef-mediated down-regulation has
been observed in many CD4+ cells, including human and
murine T-cell lines (7, 17, 35, 60). Initial efforts to define the
mechanism demonstrated that expression of HIV-1 Nef pro-
tein does not alter the steady-state levels of CD4 mRNA or

CD4 protein (7, 17). More recently, Garcia et al. (16) showed
that this posttranslational process requires the cytoplasmic

-0 VBco
0 VBNEF
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domain of human CD4 molecules and that Nef functions in a
cell-type- and species-independent manner. Nevertheless, the
precise mechanism of this Nef activity has not been defined.
Therefore, we designed experiments to determine the fate of
newly synthesized CD4 proteins in Nef protein-expressing T
cells.
Human CD4+ T-cell line VB, stably transduced with the

HIV-1 SF2 nef gene in an amphotropic retroviral vector,
experienced a significant reduction in surface expression of
CD4 as evidenced by a 70 to 80% drop in fluorescence
intensity compared with that of control cells. This reduction is
not due to inhibition of CD4 synthesis in Nef-expressing cells,
since normal levels of CD4 were synthesized during pulse-
labeling. This result supports early reports that Nef induces
CD4 down-modulation at the posttranslational level (7, 17).
Unlike those in control cells, newly synthesized CD4 molecules
are rapidly degraded with a half-life of approximately 6 h in
Nef-expressing cells. From data shown in Fig. 1 and 3, the loss
of pulse-labeled CD4, seen over the chases in Nef-expressing
cells, is largely due to degradation by a lysosomal process since
this loss can be suppressed in the presence of drugs (leupeptin,
NH4Cl, and chloroquine) that inactivate lysosomal enzymes
with or without raising intravesicular pH (28, 54). It is of
interest that CD4 degradation was observed after a 2-h lag
after synthesis. During the 2-h lag, CD4 became resistant to
endo H digestion, implying that proteins were transported to
the Golgi apparatus without being retained in the ER. Fur-
thermore, surface CD4 labeling with biotin showed that newly
synthesized CD4 was transported to the plasma membrane in
Nef-expressing cells with kinetics similar to those of control
cells. Newly delivered CD4 in Nef-expressing cells was then
internalized with a short half-life on the plasma membrane,
following an approximately 1-h lag after synthesis. Therefore,
we conclude that HIV-1 Nef protein triggers rapid endocytosis
of cell surface CD4 followed by degradation in the lysosomal
compartment, resulting in reduced levels of surface CD4.
These results are corroborated well by the recent work of
Aiken et al. (3). However, the mechanism described here for
Nef-induced CD4 down-modulation is different from those
observed with HIV-1 envelope glycoprotein gpl60 (12, 13, 22)
and Vpu protein in conjunction with gpl60 (65). These studies
demonstrated that the reduced surface expression of CD4 was
achieved by trapping the molecule in the ER. Envelope
glycoprotein gpl60 appears to form stable complexes of CD4-
gpl60 in the ER which block transport of CD4 from the ER.
Furthermore, ER-retained CD4 is subject to rapid degradation
in the presence of Vpu proteins.
The human CD4 molecule is a glycoprotein of approxi-

mately 55 kDa with two potential N-linked glycosylation sites.
It is expressed primarily on a subset of T lymphocytes and
appears to function in the development of immature T lym-
phocytes in the thymus and in the activation of mature T cells
in the periphery (39, 44, 66). In addition, CD4 serves as the
primary receptor for HIV (26, 33, 38), and as such, it has been
proposed that Nef-mediated CD4 down-modulation may pre-
vent superinfection (7). Soon after HIV-1 infection, Nef
expression can achieve this process most effectively and rapidly
by internalizing surface CD4 molecules. Later in viral infec-
tion, this can be reinforced by expression of an envelope
glycoprotein and Vpu, which prevents newly synthesized CD4
from leaving the ER. It has been reported (6, 53) that the
interaction of CD4+ T cells with gpl20-expressing cells or
crossed-linked gp120, followed by T-cell receptor stimulation,
leads to programmed cell death (apoptosis). Nef-mediated
down-modulation of CD4 in newly infected cells would inhibit
potentially lethal interaction with gpl20. Of course, even in

light of in vitro activities, the in vivo role of Nef remains
entirely unknown.
The normal role of CD4 in T-cell activation is highly

dependent on its interaction with p56lck. In T cells, most of the
p56ICk is associated with CD4 and its enzymatic activity is
regulated by CD4 association (62). Thus, Nef-mediated CD4
down-modulation would increase the amount of free p561ck,
which could lead to alterations in intracellular signaling.
Recent studies with transgenic mice expressing Nef in T cells
have demonstrated that Nef appears to enhance the T-cell
receptor response (57), suggesting that in the presence of Nef
these T cells become sensitized. Such a positive process would
be important for HIV infectivity in vivo since viral replication
requires the activation of host lymphocytes. The relevance of
this positive effect of Nef is supported by ex vivo studies of
HIV-1 in which Nef protein has enhanced the ability of
primary, quiescent human lymphocytes to replicate HIV-1 (15,
41, 59).

During T-cell activation or activation of the protein kinase C
pathway by phorbol esters such as phorbol-12-myristate-13-
acetate, CD4 and CD8 are rapidly phosphorylated on cytoplas-
mic serine residues (1, 8, 20,56). Subsequently, CD4 molecules
are rapidly internalized from the surfaces of cells, whereas
CD8 surface expression is not affected. Both CD4 and CD8
physically associate with lymphocyte-specific protein tyrosine
kinase, p561ck, an essential participant in antigen-specific signal
transduction and thymic maturation of T cells. Studies of
phorbol-12-myristate-13-acetate-induced internalization of
CD4 (21, 58) demonstrated that dissociation of CD4 from
p56lck occurred prior to rapid internalization of CD4. In
contrast, no disruption of the CD8-p56ck complex was ob-
served. In resting lymphocytes, endocytosis of surface CD4 is
remarkably slow, whereas in nonlymphoid cells, which do not
express p561ck, it occurs much faster, at rates of 2 to 3% of the
cell surface pool per minute (36, 45, 46). Therefore, it was
proposed that association with p56lck may prevent CD4 mole-
cules on cell surfaces from being internalized. This was sup-
ported by expression of p56Ick in nonlymphoid cells, which
slows the rate of endocytosis of CD4 (47). Furthermore,
disruption of this association may initiate the endocytic path-
way of CD4. However, the mechanism of the dissociation of
p561ck from a CD4 molecule is unknown. Interestingly, disso-
ciation was observed prior to Nef-induced CD4 endocytosis
(Fig. 5). Recently, Aiken et al. (3) showed that two adjoining
leucine residues in the CD4 cytoplasmic domain play a critical
role in Nef-mediated CD4 internalization. This dileucine-
based motif was previously identified in the CD3 -y and 8 chains
as an endocytosis and lysosomal targeting signal (27). There-
fore, one can hypothesize that Nef-induced p561ck dissociation
exposes the dileucine-based endocytosis motif in CD4 to the
endocytic apparatus, which results in CD4 internalization and
lysosomal degradation. It raises the question of how HIV-1
Nef selectively triggers p561ck dissociation from surface CD4.
Previously, Garcia and Miller (17) showed that Nef down-
regulates surface CD4 in a serine phosphorylation-indepen-
dent manner. In this system, a mutant CD4, in which three
serine residues in the cytoplasmic domain (potential phosphor-
ylation sites by protein kinase C) were mutated to alanine, was
not down-modulated by phorbol ester but was down-modu-
lated by Nef expression. Thus, in Nef-expressing cells, dissoci-
ation of p56Ick from a CD4 molecule occurs by a mechanism
different from that for phorbol ester-induced serine phosphor-
ylation.
We report here that HIV-1 Nef induces rapid internalization

of surface CD4 followed by degradation in a lysosomal com-
partment. These processes, together with dissociation of CD4
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from p561ck prior to internalization, are similar to those
observed during T-cell activation and indicate a potential role
for Nef in T-cell activation. However, the biochemical func-
tions of Nef in T cells have not been defined. Recent studies on
the biological role of Nef in HIV pathogenesis have indicated
that Nef plays an essential role in HIV replication. Given the
fact that shortly after viral induction by T-cell activation,
receptor molecules for HIV are down-modulated, one can
speculate that Nef may sustain stable HIV infection in vivo by
protecting virus-producing CD4 cells before they can be su-
perinfected or be led to apoptotic cell death. In addition, as a
consequence of CD4 endocytosis, higher levels of p56 ck are no
longer regulated by CD4 association. This might enhance
T-cell receptor-mediated signaling, leading to a maximal virus
burst from infected CD4 cells. These speculations should be
addressed in future studies.
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