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The cell surface glycoprotein, CD4, is the receptor for human immunodeficiency virus (HlV) in T
lymphocytes. Following HIV infection, there is reduced expression of CD4 on the cell surface, and this
downregulation probably results, at least in part, from the formation of complexes containing the HIV type 1
(HIV-1) glycoprotein precursor (gpl60) and CD4 that are not transported from the endoplasmic reticulum
(ER). At the plasma membrane of T cells, CD4 is tightly associated with a cytoplasmic tyrosine kinase (pS6lck)
that is involved in T-cell activation. Using a transient expression system with HeLa cells, we show by
pulse-labeling and immunoprecipitation that newly synthesized CD4 can associate with pS6kk before CD4 is
transported from the ER. In the presence of HIV-1 gpl60, a ternary complex of gpl60-CD4 and p56Ick forms
in the ER. Using confocal immunofluorescence microscopy, we observed complete retention of p56kIk in the ER.
Such mislocalization of a tyrosine kinase to the cytoplasmic face of the ER could play a role in lymphocyte
killing caused by HIV infection or expression of gpl60 alone.

CD4 is an integral membrane glycoprotein found on the
plasma membrane of helper T lymphocytes, monocytes, and
other cell types, and it serves as the receptor for human
immunodeficiency virus (HIV) (22, 35, 38). The cytoplasmic
domain of CD4 is bound to a cytoplasmic tyrosine protein
kinase, p561ck (28, 29, 36), and this complex is thought to
play an important role in T-cell activation (1, 8, 27).
HIV infection can exert a cytopathic effect upon single T

cells in culture (31, 33) through a mechanism independent of
syncytium formation (19, 20, 30). Although the mechanism
of single-cell killing is not known, it may be critical for
understanding the devastation of the immune system seen in
patients with AIDS. The HIV envelope gene encoding the
HIV glycoprotein precursor, gpl60, is thought to be respon-
sible for the cytopathic effect (32). In addition, expression of
gpl60 alone can kill CD4+ but not CD4- T cells, suggesting
that cell killing might be mediated through an interaction of
gpl60 with CD4 (16).

Infection of T lymphocytes by HIV type 1 (HIV-1) causes
reduced expression of CD4 on the cell surface (6, 10, 14),
and expression of only gpl60 is sufficient to cause this
downregulation (13). In earlier studies, we and others have
shown that newly synthesized gpl60 and CD4 form a com-
plex which is retained in the endoplasmic reticulum (ER) (5,
11). Although the reason that these gpl60-CD4 complexes
are retained is not known, it may be related to the inefficient
transport of gpl60 itself (37). We show here that gpl60 is also
capable of retaining CD4-p56lck complexes in the ER. Redis-
tribution of CD4-p56 ck complexes may contribute to T-lym-
phocyte pathology during the course of HIV infection.

MATERIALS AND METHODS
Expression, metabolic labeling, and immunoprecipitation of

proteins. Hela cells (approximately 5 x 105 cells per 35-mm-
diameter dish) were infected with a recombinant vaccinia
virus encoding T7 polymerase (vTF7-3) (7) at a multiplicity
of infection of 10 to 25. Infections were carried out in 0.5 ml
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of Dulbecco's modified Eagle's medium (DMEM) without
serum for 30 min at 37°C. The inoculum was then removed,
and the cells were transfected with a total of 5 ,ug of plasmid
DNA in 1.5 ml of DMEM, lacking serum, by using Trans-
fectACE (Life Sciences, Inc.) according to the procedure
described by Rose et al. (26). Plasmids encoding CD4,
gpl60, and p561ck under control of the T7 promoter have
been described previously (3, 29). Transfected cells were
incubated for 3 to 4 h, washed once with DMEM lacking
methionine, and labeled with 50 ,uCi of [35S]methionine in
0.5 ml of methionine-free DMEM for 15 min at 37°C. Cells
were then washed and incubated further in DMEM with
excess methionine at 37°C for various times.

Prior to immunoprecipitation, cells were washed once
with phosphate-buffered saline and lysed in 1 ml of a solution
(lysis buffer) containing 1% Nonidet P-40, 0.4% deoxycho-
late, 66 mM EDTA, and 10 mM Tris hydrochloride, pH 7.4.
Nuclei were removed by centrifugation at 10,000 x g for 2
min. For CD4 immunoprecipitations, sodium dodecyl sulfate
(SDS) was added to a concentration of 0.1% to the lysate,
and 100 ,ul of OKT4 hybridoma (American Type Culture
Collection) culture supernatant was then added. After incu-
bation at 4°C for 60 min, antibody-antigen complexes were

precipitated with fixed Staphylococcus aureus (Calbiochem-
Behring) and the precipitate was washed three times. Immu-
noprecipitations of pS6lck from metabolically labeled cells
were performed in lysis buffer plus 0.2% SDS with 2 ,ul of
rabbit anti-p56lck serum. After incubation at 37°C for 60 min,
antigen-antibody complexes were precipitated and washed
as described above. Rabbit antibodies to p561ck were raised
against a synthetic peptide of p561ck (amino acids 39 to 58)
coupled to keyhole limpet hemocyanin. Immunoprecipitates
were analyzed on 9% polyacrylamide gels containing SDS
(17), and the gels were prepared for fluorography, dried, and
exposed to preflashed X-ray film by the method of Bonner
and Laskey (2). Endoglycosidase H (endo H [34]) treatments
of immunoprecipitations were performed as described pre-
viously (25).

In vitro kinase assays. Detergent lysates of the cells were
divided equally and immunoprecipitated with anti-gpl60
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FIG. 1. Rapid intracellular association of p561ck and CD4. (A) Newly synthesized CD4 binds p56Ick. HeLa cells (5 x 105 per

35-mm-diameter dish) were infected with a recombinant vaccinia virus that expresses T7 RNA polymerase, vTF7-3 (7). Infected cells were
subsequently transfected (26) with plasmids encoding p561ck and CD4 under the control of the T7 promoter (29) as indicated above the lanes.
The cells were then labeled for 15 min with 50 pCi of [35S]methionine in 0.5 ml of methionine-free DMEM and either lysed immediately or
incubated in the presence of excess unlabeled methionine for 200 min as indicated. Immunoprecipitations from detergent lysates of cells were
performed by adding rabbit anti-p56Ick serum (lanes 1 to 10) or OKT4 hybridoma supernatant (lanes 11 to 14). Immunoprecipitates were
washed, divided in half, and either digested with endo H (even-numbered lanes [+]) or left untreated (odd-numbered lanes [-]). Proteins were
analyzed by electrophoresis in 9% polyacrylamide gels containing SDS. (B) Newly synthesized p561ck binds CD4. The experiment was
performed as described for Fig. 1A. CD4 was immunoprecipitated from detergent lysates by using OKT4 after 0 or 200 min of chase in the
presence of unlabeled methionine. The immunoprecipitates were divided in half and either digested with endo H (even-numbered lanes [+])
or left untreated (odd-numbered lanes [-]). The positions of untreated CD4, CD4 with one oligosaccharide (CD4r), CD4 lacking
oligosaccharides (CD4S), and p56kk (Ick) are indicated. The positions of molecular weight markers (in thousands) are indicated on the left.

(AIDS Research and Reagent Program reagent no. 188),
anti-CD4 (OKT4), or anti-p56"k antibodies. The immunopre-
cipitates were washed and then incubated in a 50-,ul in vitro
kinase reaction buffer containing 10 ,Ci of [-y-32P]ATP. Cell
lysis, immunoprecipitation, and in vitro kinase assay condi-
tions were as described by Rudd et al. (28). The proteins
phosphorylated in vitro were analyzed by electrophoresis in
10% polyacrylamide gels containing SDS (17). The phos-
phorylated proteins (from a duplicate experiment) which
migrated at approximately 55 kDa (see Fig. 3A) were ana-
lyzed by partial proteolysis by using V8 protease along with
in vitro 3 P-labeled pS6lck (29). The peptides were resolved
by electrophoresis in 15% polyacrylamide gels containing
SDS (17).

Confocal indirect immunofluoresence microscopy. HeLa
cells were infected with vTF7-3 for 30 min and subsequently
transfected with plasmid DNAs (as indicated in Fig. 4). At 6
h posttransfection, the cells were treated with cycloheximide
(100 ,ug/ml) for 40 min at 37°C and fixed with paraformalde-
hyde. Cells were made permeable with Triton X-100 to allow
entry of anti-CD4, anti-p56lck (as described above), and
anti-gpl20 (AIDS Research and Reagent Program reagent
no. 288) antibodies. After immunostaining, confocal imaging
of the cells was performed with a Bio-Rad MRC-600 system
mounted on a Zeiss Axiovert 10 with a 63 x objective.
Images were photographed from the microscope video mon-
itor.

RESULTS

Rapid association of p56"k with newly synthesized CD4. To
determine whether newly synthesized CD4 associates with
p56Ick, HeLa cells expressing CD4 in the presence of pS6Ick
were pulse-labeled with [35S]methionine, and then cell ly-
sates were immunoprecipitated with antibody to p56'k. This

analysis is complicated by the fact that the majority of p56lck
comigrates with fully glycosylated CD4 in SDS-polyacryl-
amide gel electrophoresis. However, after CD4 was treated
with endo H (34), it was possible to visualize the CD4 which
coprecipitated with p561c because of the increase in mobility
caused by removal of oligosaccharides from CD4. Both
glycans on CD4 are initially sensitive to endo H, and
subsequently, one glycan becomes resistant with a half-time
of 45 min as CD4 is transported through the Golgi apparatus
(5).

After a 15-min pulse-label of cells expressing both CD4
and p56lck, antibody to p56'ck precipitated two bands corre-
sponding in mobility to p56kck expressed alone (Fig. 1A,
lanes 1 and 5). The major p561ck band comigrated with CD4
expressed alone (lane 11). After treatment with endo H, the
CD4 that coprecipitated with PS61ck or the CD4 expressed
alone migrated faster than p561ck (lanes 2 and 12). After the
200-min chase period, approximately the same amount of
CD4 precipitated with p561ck, but it had a slower mobility
after endo H digestion because of processing of one of the
glycans (lane 4). Similar processing was observed for CD4
expressed alone (lanes 13 and 14). These results indicated
that the newly synthesized CD4 was associated with p561ck
within 15 min. The amount of labeled CD4 complexed with
p561ck remained constant as the complex was transported
from the ER through the Golgi apparatus to the cell surface.
Given the fact that CD4 remains stably associated with
p56lck during immunoprecipitation in vitro, it seems likely
that the association is also stable during transport to the cell
surface. Note that the oligosaccharides on CD4 expressed
with p56lck were not processed as extensively as was CD4
expressed alone (compare lanes 4 and 14), suggesting that
the binding of p56 k to the cytoplasmic domain of CD4 might
slow its transport. A portion of p56Ick also shifted to a more
slowly migrating form (lanes 5 to 8) after the chase, suggest-
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FIG. 2. CD4 association with p561ck and gpl60. The experiment
was performed as described in the lefend to Fig. 1. Transfection was
done with plasmids encoding p561 , CD4, and gpl60 (3) as indi-
cated. CD4 was immunoprecipitated from detergent lysates of the
labeled cells. The immunoprecipitates were divided in half and
either digested with endo H (even-numbered lanes [+]) or left
untreated (odd-numbered lanes [-]). The positions of p561ck (Ick)
and gpl60 with (+ CHO) and without (- CHO) oligosaccharides are
indicated. CD4, CD4 with one oligosaccharide (CD4r), and CD4
without oligosaccharides (CD4') are indicated. The numbers on the
left represent the positions of molecular weight markers (in thou-
sands).

ing increased phosphorylation with time. In other similar
experiments, we were able to detect CD4 in anti-p56Ick
immunoprecipitates immediately after a 5-min pulse with
[35S]methionine (data not shown).
Rapid association of CD4 with newly synthesized p56lkk. In

the experiment for which the results are shown in Fig. 1A,
we could not determine whether newly synthesized p561ck
associated rapidly with CD4, because in that experiment
CD4 might have associated only with unlabeled p561ck syn-
thesized prior to the pulse period. Therefore, we expressed
CD4 alone or p56lck in the presence of CD4 and immunopre-
cipitated with anti-CD4 monoclonal antibodies (Fig. 1B).
Immediately after the pulse period, p561ck could be resolved
from CD4 after endo H treatment because it remained at the
position on the gel previously occupied by CD4 (Fig. 1B,
lanes 1, 2, 5, and 6). This result indicates that newly
synthesized p56kck binds CD4 rapidly. At 200 min of chase,
the CD4 with one endo H-resistant flycan (CD4r) migrated
faster than the smaller form of p56" (lanes 3, 4, 7, and 8).
The amount of p56'k" bound to CD4 did not change after the
200-min chase period, indicating that the association was
complete within 15 min.
HIV gpl60 prevents intracellular transport of CD4-p56kk

complexes. Coexpression of HIV gp160 with CD4 leads to
retention of the majority of CD4 in the ER (5, 11). To
determine whether p56"'" associates with CD4 when both are
expressed in the presence of excess gp160, we performed the
pulse-chase experiment for which the results are shown in
Fig. 2. Cells were transfected with DNAs encoding gp160,
CD4, and p56"ck and pulse-labeled with [35S]methionine. Cell
lysates were then immunoprecipitated with antibody to CD4.
Immunoprecipitates were either digested with endo H so
that p56k could be visualized or left undigested. The results
(Fig. 2, lanes 1 and 2) showed that p561ck was bound to CD4,

B
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FIG. 3. Detection of a p56"ck-CD4-gpl60 complex. (A) HeLa
cells infected with vTF7-3 were transfected with plasmids encoding
p561k, CD4, and gp160, as indicated above the lanes. Detergent
lysates of the cells were divided equally and immunoprecipitated
with anti-gp160 (lanes 1 to 5) or anti-CD4 (lanes 6 to 10) antibodies.
The immunoprecipitates were washed and then incubated in an in
vitro kinase reaction buffer containing 10 ,uCi of [-y-32P]ATP. Cell
lysis, immunoprecipitation, and in vitro kinase assay conditions
were as described previously (28). The proteins phosphorylated in
vitro were analyzed by electrophoresis in 10% polyacrylamide gels
containing SDS. The positions of molecular weight markers (in
thousands) are indicated on the left. (B) The phosphorylated pro-
teins (from a duplicate experiment) which migrated at approximately
55 kDa (Fig. 3A, lanes 1 and 6) were analyzed by partial proteolysis
by using V8 protease along with in vitro 2P-labeled p56l* (lanes 1,
2, and 3, respectively) (29). The peptides were resolved by electro-
phoresis in 15% polyacrylamide gels containing SDS.

and some gp160 also precipitated with CD4. After 200 min of
chase, the majority of CD4 (90%) was still fully sensitive to
endo H. The amount of p56" associated with unprocessed
CD4 did not change during the course of the chase period.
Also, at the 200-min time, CD4 was also associated with an
increased amount of gpl60 (Fig. 2, lanes 3 and 4). These
results suggested that complexes of CD4 and p561ck were
retained in the ER after association with gpl60 because of
the lack of processing of the CD4 oligosaccharides.

Identification of gp160-CD4-p56kk complexes. To obtain
additional evidence of a gpl60-CD4-p56 kk complex, we
carried out the experiment, for which the results are shown
in Fig. 3A, in which gpl60, CD4 and pS6lck were expressed
in the indicated combinations. The samples were immuno-
precipitated with anti-gp160 serum or with antibody to CD4
and then incubated with [y-32P]ATP in an in vitro kinase
assay for detecting the presence of p561Ck by autophosphor-
ylation (28). Only when all three molecules were expressed
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together did antibodies to gpl60 precipitate two candidate
p561ck bands that became phosphorylated in the in vitro
assay (Fig. 3A, lane 1). Antibody to CD4 was also able to
precipitate the same bands (Fig. 3A, lane 6), as expected.
To verify that the material phosphorylated in vitro was

32P-labeled p56eck, we carried out an analysis by partial
proteolysis (4). As shown in Fig. 3B, the partial proteolysis
products of candidate p561ck bands that precipitated with
antibody to gp160 or CD4 were identical to each other and to
authentic p56 ck precipitated with anti-p56Ick antibodies (Fig.
3B).
CD4_p56kk complexes are retained in the ER by HIV gpl60.

The retention of unprocessed oligosaccharides on CD4
bound to gpl60 and p56"k suggested that the entire complex
was probably retained in the ER. To obtain direct evidence
for the localization of the complex, we used confocal immu-
nofluorescence microscopy. We first expressed CD4 and
p561Ck to determine whether these proteins colocalize. HeLa
cells expressing CD4 and p561Ck were treated with cyclohex-
imide for 40 min and fixed with paraformaldehyde. Cyclo-
heximide treatment inhibits protein synthesis without dis-
rupting protein transport through the exocytic pathway (12).
This treatment allowed sufficient time for the CD4 molecules
to reach the cell surface. After fixation, the cells were
immunostained for p56kk and CD4. Confocal immunofluo-
rescence microscopy showed that some CD4 (red) and p561ck
(green) were located at the plasma membrane, as indicated
by the visible outline of the cell (Fig. 4A and B, respective-
ly). The images were then superimposed to assess the degree
of colocalization of CD4 and p561ck. The extensive colocal-
ization of CD4 and p56Ick is shown in yellow (Fig. 4C).
To determine whether expression of excess gpl60 was

capable of retaining the CD4-p56lck complex in the ER, we
examined HeLa cells expressing p561ck, CD4, and gpl60.
Cells were incubated for 40 min with cycloheximide prior to
fixation and immunostained for CD4 (red) and p561Ck (green).
In contrast to the pattern observed for CD4 and p56 ck
expressed without gpl60, both molecules were now local-
ized to a reticular pattern within the cell, including staining
of the nuclear membrane. This pattern is indicative of
proteins localized to the ER (Fig. 4D and E). CD4 and p561Ck
largely colocalize, as seen in the extensive overlap of the
fluorescence (Fig. 4F). With all cells expressing CD4 and
p561ck, there was no detectable p56lck expression near the
plasma membrane, indicating quantitative retention in the
ER.
To control for the possibility that gpl60 expression might

have a direct effect on the localization of p561ck, we coex-
pressed gpl60 and p561ck without CD4. Localization of gpl60
(green) and p56lck (red) in these cells showed that p56k had
distinct surface localization (Fig. 4G) in contrast to the
cytoplasmic localization of gpl60 (Fig. 4H and I). This
pattern is identical to that observed for p56Ick expressed
alone (not shown). We conclude that the reticular cytoplas-
mic localization of p56k in cells expressing p56 ck, CD4, and
gpl60 results from retention of a gp160-CD4-p56Ick complex
in the ER.

DISCUSSION

We have shown that the association between CD4 and
p56kk can occur at the cytoplasmic face of the ER immedi-
ately after synthesis of both proteins when both are ex-
pressed in HeLa cells. We know this because pulse-labeled
CD4 containing immature oligosaccharides is readily immu-
noprecipitated with p56 ck, using antiserum recognizing

FIG. 4. Localization of p561ck, CD4, and gpl60 in HeLa cells by
confocal immunofluorescence microscopy. HeLa cells were in-
fected with vTF7-3 for 30 min and subsequently transfected, fixed,
and immunostained as described below. Images representing the
rhodamine fluorescence (left panels), fluorescein fluorescence (cen-
ter panels), or the two images superimposed (right panels) are
shown. (A to C) Cells cotransfected with plasmids encoding p56kk
and CD4 were incubated with rabbit anti-p56Ick serum (diluted 1:200)
and OKT4 hybridoma supernatant (undiluted) and then with rho-
damine-conjugated goat anti-mouse and fluorescein-conjugated goat
anti-rabbit antibodies (Cappel). (D to F) Cells transfected with
plasmids encoding p56 c, CD4, and gpl60 were incubated with
antibodies as described above. (G to I) Cells transfected with
plasmids encoding p561ck and gpl60 were incubated with rabbit
anti-p56kck serum and sheep anti-gpl20 serum (diluted 1:200) and
then with rhodamine-conjugated donkey anti-rabbit antibodies and
fluorescein-conjugated donkey anti-sheep antibodies (Jackson Lab-
oratories). Appropriate controls showed that the anti-rabbit and
anti-mouse secondary antibodies used in these experiments were
specific for their respective primary antibodies. Cells were fixed
with 3% paraformaldehyde according to the procedures of Rose and
Bergman (25) (panels G to I) or by a modified paraformaldehyde
fixation procedure of McLean and Nakane (23) (panels A to F) as
described previously (5).

p561ck. Pulse-chase experiments suggested that the complex
remained associated as the two molecules were transported
through the Golgi complex and eventually to the plasma
membrane.
Using confocal immunofluroescence microscopy, we also

observed a plasma membrane distribution of some of the
p561ck expressed by itself, and CD4 can certainly be trans-
ported to the cell surface in the absence of p561ck. It is,
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therefore, likely that p561ck can bind to CD4 that is already
localized at the plasma membrane, although this has not
been demonstrated directly. In an earlier study (29), it was
reported that a chimeric protein containing the extracellular
and transmembrane domains of the vesicular stomatitis virus
glycoprotein fused to the cytoplasmic domain of CD4 would
bind to p561ck soon after synthesis. Although the complexes
were not localized in that study, the results are consistent
with that which we have reported here on the association of
CD4 and p561Ck in the ER.
The ability of gp160 to retain CD4 in the ER has been

shown previously (5, 11). Here we observed that a ternary
complex of gp160, CD4, and p561ck forms in cells expressing
all three proteins and that it is apparently fully retained in the
ER. By immunofluorescence microscopy, we observed no
p561ck localized at the plasma membrane when cells were
also expressing CD4 and gp160. All of the p56k1k appeared to
colocalize with CD4 in an intracellular membrane network
characteristic of the ER. Although we favor the idea that the
complex is permanently retained in the ER, we cannot
exclude the possibility that it might actually be transported
out of the ER to a later compartment and then rapidly
recycled back. Such a mechanism of retention was first
described for proteins containing the specific KDEL reten-
tion signal (24).

In two T-lymphocyte cell lines which have been exam-
ined, at least 95% of p561Ck is associated with CD4 (21).
Thus, it is likely that during an HIV infection the disappear-
ance of CD4 from the cell surface would be accompanied by
the eventual redistribution of the majority of p56lck from the
inner surface of the plasma membrane to the cytoplasmic
face of the ER.

Other viral proteins have been shown to cause alterations
in intracellular signaling. For example, association of the
Friend spleen focus-forming virus glycoprotein with the
erythropoietin receptor, occurring largely in the ER, results
in cellular transformation (18, 39). Also, inappropriate
expression of a tyrosine kinase, the Abelson murine leuke-
mia virus-transforming gene product, is toxic in certain cell
types (40).

Others have examined the effects of binding gpl20 (the
major extracellular portion of the HIV-1 glycoprotein) or
HIV-1 virus itself to CD4 at the plasma membrane of T cells
and have not detected the generation of intracellular signals
(9). Intracellular association of gp160 with CD4-p561ck com-
plexes may have different effects on intracellular signaling
pathways compared with the effect of exogenously bound
gp120 at the cell surface. The retention of the CD4-p561ck
complex in the ER that we have observed here would be
expected to abolish the signaling potential of the CD4-pS6ck
complex at the plasma membrane and might contribute to
cell killing by giving p56ICk access to novel intracellu-
lar substrates. Recent work has shown that gp160 expres-
sion in a CD4+ T-cell line rapidly blocks nuclear import prior
to cell killing (15), and we suggest that this blocking might
involve tyrosine phosphorylation by p56 ck of critical sub-
strates around the nuclear pore complex. The nuclear mem-
brane is continuous with the ER, and thus, some of p561Ck
would likely be retained in close proximity to the nuclear
pores. It should be possible to examine a role for p561ck in
cell killing and nuclear import blocking by deriving T-cell
lines lacking p56ICk and examining their sensitivities to killing
by HIV.

ACKNOWLEDGMENTS
We thank M. Whitt, R. Owens, and L. Chong for helpful

comments on the manuscript, A. Shaw for support and suggestions,
and Philippe Male for assistance with confocal microscopy.
This research was supported by NIH grant A13037Y. B.C. was

supported by training grant T32AI07019 from the NIH.

REFERENCES
1. Bank, I., and L. Chess. 1985. Perturbation of the T4 molecule

transmits a negative signal in T-cells. J. Exp. Med. 162:1294-
1303.

2. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labeled proteins and nucleic acids in poly-
acrylamide gels. Eur. J. Biochem. 46:83-88.

3. Buonocore, L. and J. K. Rose. 1990. HIV-1 glycoprotein trans-
port is blocked by a soluble CD4 molecule retained in the
endoplasmic reticulum. Nature (London) 345:625-628.

4. Cleveland, D. W., S. G. Fischer, M. W. Kirschner, and U. K.
Laemmli. 1977. Peptide mapping by limited proteolysis in so-
dium dodecyl sulfate and analysis by gel electrophoresis. J.
Biol. Chem. 252:1102-1106.

5. Crise, B., L. Buonocore, and J. K. Rose. 1990. CD4 is retained in
the endoplasmic reticulum by the human immunodeficiency
virus type 1 glycoprotein precursor. J. Virol. 64:5585-5593.

6. Dalgleish, A. G., P. C. L. Beverley, P. R. Clapham, D. H.
Crawford, M. F. Greaves, and R. A. Weiss. 1984. The CD4 (T4)
antigen is an essential component of the receptor for the AIDS
retrovirus. Nature (London) 312:763-766.

7. Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss. 1986.
Eukaryotic transient-expression system based on recombinant
vaccinia virus that synthesizes bacteriophage T7 RNA polymer-
ase. Proc. Natl. Acad. Sci. USA 83:8122-8126.

8. Glaichenhaus, N., N. Shastri, D. R. Littman, and J. M. Turner.
1991. Requirement for association of p56Ick with CD4 in antigen-
specific signal transduction in T cells. Cell 64:511-520.

9. Horak, I. D., M. Papovic, E. M. Horak, P. J. Lucas, R. E. Gress,
C. H. June, and J. B. Bolen. 1990. No tyrosine protein kinase
signalling or calcium mobilization after CD4 association with
HIV-1 or HIV-1 gpl20. Nature (London) 348:557-560.

10. Hoxie, J. A., J. D. Alpers, J. L. Rackowski, K. Huebner, B. S.
Haggarty, A. J. Cedarbaum, and J. C. Reed. 1986. Alterations in
T4 (CD4) mRNA synthesis in cells infected with HIV. Science
234:1123-1127.

11. Jabbar, M. A., and D. P. Nayak. 1990. Intracellular interaction
of human immunodeficiency virus type 1 (ARV-2) envelope
glycoprotein gpl60 with CD4 blocks the movement and matu-
ration of CD4 to the plasma membrane. J. Virol. 64:6297-6304.

12. Jamieson, J. D., and G. E. Palade. 1968. Intracellular transport
of secretory proteins in the pancreatic exocrine cell. III. Disso-
ciation of intracellular transport from protein synthesis. J. Cell
Biol. 39:580-588.

13. Kawamura, I., Y. Koga, N. Oh-Hori, K. Onodera, G. Kimura,
and K. Nomoto. 1989. Depletion of the surface CD4 molecule by
the envelope protein of human immunodeficiency virus ex-
pressed in a human CD4+ monocytoid cell line. J. Virol.
63:3748-3754.

14. Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest, D.
Guetard, T. Hercend, J. Gluckman, and L. Montagnier. 1984.
T-lymphocyte T4 molecule behaves as the receptor for human
retrovirus LAV. Nature (London) 312:767-768.

15. Koga, Y., M. Sasaki, H. Yoshida, M. Oh-Tsu, G. Kimura, and
K. Nomoto. 1990. Disturbance of nuclear transport of proteins in
CD4' cells expressing gpl60 of human immunodeficiency virus.
J. Virol. 65:5609-5612.

16. Koga, Y., M. Sasaki, H. Yoshida, H. Wigzell, G. Kimura, and K.
Nomoto. 1990. Cytopathic effect determined by the amount of
CD4 molecules in human cell lines expressing envelope glyco-
protein of HIV. J. Immunol. 144:94-102.

17. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

18. Li, J.-P., A. D. D'Andrea, H. F. Lodish, and D. Baltimore.
Activation of cell growth by binding of Friend spleen focus-

J. VIROL.



RETENTION OF CD4-p56kk COMPLEX 2301

forming virus gp55 glycoprotein to the erythropoietin receptor.
Nature (London) 343:762-764.

19. Lifson, J. D., M. B. Feinberg, G. R. Reyes, L. Rabin, B.
Banapour, S. Chakrabarti, B. Moss, F. Wong-Staal, K. S.
Steimer, and E. G. Engleman. 1986. Induction of CD4-depen-
dent cell fusion by the HTLV/LAV envelope glycoprotein.
Science 232:1123-1127.

20. Lifson, J. D., G. R. Reyes, M. S. Grath, B. S. Stein, and E. G.
Engleman. 1986. AIDS retrovirus induced cytopathology: giant
cell formation and involvement of CD4 antigen. Nature (Lon-
don) 323:725-728.

21. Luo, K., and B. M. Sefton. 1990. Cross-linking of T-cell surface
molecules CD4 and CD8 stimulates phosphorylation of the Ick
tyrosine protein kinase at the autophosphorylation site. Mol.
Cell. Biol. 10:5305-5313.

22. Maddon, P. J., D. R. Littman, M. Godgrey, D. E. Maddon, L.
Chess, and R. Axel. 1986. The isolations and nucleotide se-
quence of a cDNA encoding the T cell surface protein T4: a new
member of the immunoglobulin gene family. Cell 42:93-104.

23. McLean, I. W., and P. K. Nakane. 1974. Periodate-lysine-
paraformaldehyde fixative: a new fixative for immunoelectron
microscopy. Cytochemistry 22:1077-1083.

24. Pelham, H. R. 1988. Evidence that luminal ER proteins are
sorted from secreted proteins in a post-ER compartment.
EMBO J. 7:913-918.

25. Rose, J. K., and J. E. Bergman. 1983. Altered cytoplasmic
domains affect intracellular transport of the vesicular stomatitis
virus glycoprotein. Cell 34:513-524.

26. Rose, J. K., L. Buonocore, and M. A. Whitt. 1991. A new
cationic liposome reagent mediating nearly quantitative trans-
fection of animal cells. BioTechniques 10:520-525.

27. Rosoff, P. M., S. J. Burakoff, and J. L. Greenstein. 1987. The
role of the L3/T4 molecule in mitogen and antigen-activated
signal transduction. Cell 49:845-853.

28. Rudd, C. E., J. M. Trevillyan, J. D. DasGupta, L. L. Wong, and
S. F. Schlossman. 1988. The CD4 receptor is complexed in
detergent lysates to a protein-tyrosine kinase (pp58) from hu-
man T lymphocytes. Proc. Natl. Acad. Sci. USA 85:5190-5194.

29. Shaw, A. S., K. E. Amrein, C. Hammond, D. F. Stern, B. M.
Sefton, and J. K. Rose. 1989. The lck tyrosine protein kinase
interacts with the cytoplasmic tail of the CD4 glycoprotein

through its unique amino-terminal domain. Cell 59:627-636.
30. Sodroski, J., W. C. Goh, K. Campbell, and W. A. Haseltine.

1986. Role of the HTLV/LAV envelope in syncytium formation
and cytopathicity. Nature (London) 322:470-474.

31. Somasundaran, M., and H. L. Robinson. 1987. A major mecha-
nism of human immunodeficiency virus-induced cell killing does
not involve cell fusion. J. Virol. 61:3114-3119.

32. Stevenson, M., S. Haggerty, C. Lamonica, A. M. Mann, C.
Meier, and A. Wasiak. 1990. Cloning and characterization of
human immunodeficiency virus type 1 variants diminished in the
ability to induce syncytium-independent cytolysis. J. Virol.
64:3792-3803.

33. Stevenson, M., C. Meier, A. M. Mann, N. Chapman, and A.
Wasiak. 1988. Envelope glycoprotein of HIV induces interfer-
ence and cytolysis resistance in CD4+ cells: mechanism for
persistence in AIDS. Cell 53:483-496.

34. Tarentino, A. L., and F. Maley. 1974. Purification and properties
of an endo-B-acetylglucosaminidase from Streptomyces gri-
seus. J. Biol. Chem. 248:811-817.

35. Thomas, V., L. Rogozinsld, and L. Chess. 1983. Relationship
between human T cell functional heterogeneity and human T
cell surface molecules. Immunol. Rev. 74:112-142.

36. Viellette, A., M. A. Bookman, E. M. Horak, and J. B. Bolen.
1988. The CD4 and CD8 T cell surface antigens are associated
with the internal membrane tyrosine-protein kinase pS6Ick. Cell
55:301-308.

37. Willey, R. L., J. S. Bonifacino, B. J. Potts, M. A. Martin, and
R. D. Klausner. 1988. Biosynthesis, cleavage, and degradation
of the human immunodeficiency virus 1 envelope glycoprotein
gpl60. Proc. Natl. Acad. Sci. USA 85:9580-9584.

38. Wood, G. S., N. L. Warner, and R. A. Warnke. 1983. Anti-leu-
3/T4 antibodies react with cells of monocyte/macrophage and
Langerhans lineage. J. Immunol. 131:212-216.

39. Yoshimura, A., A. D. D'Andrea, and H. F. Lodish. 1990. Friend
spleen focus-forming virus glycoprotein gp55 interacts with the
erythropoietin receptor in the endoplasmic reticulum and affects
receptor metabolism. Proc. Natl. Acad. Sci. USA 87:4139-4143.

40. Ziegler, S. F., C. A. Whitlock, S. P. Goff, A. Gifford, and 0. N.
Witte. 1981. Lethal effect of the Abelson murine leukemia virus
transforming gene product. Cell 27:477-486.

VOL. 66, 1992


