
JOURNAL OF VIROLOGY,
0022-538X/97/$04.0010

Mar. 1997, p. 2535–2539 Vol. 71, No. 3

Copyright q 1997, American Society for Microbiology

Induction of Phosphorylation of Human Immunodeficiency Virus
Type 1 Nef and Enhancement of CD4 Downregulation

by Phorbol Myristate Acetate
TIANCI LUO,1 JAMES R. DOWNING,2,3 AND J. VICTOR GARCIA1*

Departments of Virology and Molecular Biology,1 Pathology and Laboratory Medicine,2 and
Tumor Cell Biology,3 St. Jude Children’s Research Hospital, Memphis, Tennessee 38101

Received 10 October 1996/Accepted 4 December 1996

The nef gene of the human and simian immunodeficiency viruses (HIV and SIV) encodes a 27 to 34 kDa
myristoylated protein that induces downregulation of CD4 from the cell surface and enhances virus infectivity.
As shown by experiments on SIV-infected adult macaques, Nef is important in pathogenesis and disease
progression. In vitro, protein kinase C (PKC) phosphorylates Nef, but the role of phosphorylation in the
function and expression of this protein has not yet been determined. Here we show that in HIV type 1-infected
cells, phosphorylation of Nef increased 8- to 12-fold after treatment with phorbol myristate acetate and
phytohemagglutinin (PMA/PHA). Basal and PMA/PHA-induced phosphorylation occurred on serine residues
of Nef and was independent of other HIV proteins. The PMA/PHA-induced phosphorylation of Nef was
inhibited by bisindolylmaleimide I, a potent and specific inhibitor of PKC, but was unaffected by H89, an
inhibitor of protein kinase A. In contrast, treatment with bisindolylmaleimide I did not affect the basal level
of Nef phosphorylation, suggesting two different phosphorylation pathways. A PMA-insensitive CD4 mutant in
which three serine residues in the cytoplasmic domain have been replaced by alanines was used to determine
whether PMA-induced phosphorylation affects Nef-induced CD4 downregulation. In Nef-expressing cells,
treatment with PMA enhanced downregulation of the CD4 serine triple mutant from the cell surface, suggest-
ing that phosphorylation is important for Nef function.

Nef is encoded by an open reading frame that overlaps the
39 long terminal repeats of the types 1 and 2 human immuno-
deficiency viruses (HIV-1 and -2) and simian immunodefi-
ciency virus (SIV) (5, 15, 46). Expression of Nef, which occurs
early after infection from multiply spliced messages (26, 28, 36,
41), is essential for maintaining high levels of virus replication
and for pathogenesis in adult macaques infected with SIV (25).
In addition, Nef enhances pathogenesis and replication in
HIV-1-infected SCID-hu mice (4, 23). The growth advantage
of nef-containing viruses over those lacking nef is due at least
in part to enhanced viral infectivity (3, 19, 35, 45).
Nef downregulates the cell surface expression of CD4 (2, 6,

7, 11, 17, 18, 21, 34), the receptor for both HIV and SIV (16,
24, 27, 30, 33). Nef accelerates the endocytosis of CD4, leading
to its subsequent degradation in lysosomes (2, 31, 40). Because
a serine triple mutant of CD4 has been shown to be refractory
to phorbol myristate acetate (PMA) but sensitive to Nef,
downregulation of CD4 by Nef has been deemed to be inde-
pendent of the CD4 phosphorylation induced by phorbol esters
(1, 18, 48).
Nef is myristoylated and phosphorylated (5, 9, 21, 22). My-

ristoylation is essential to the ability of Nef to enhance virus
infectivity and to downregulate CD4 expression at the cell
surface (19, 20). These findings suggests that the association of
Nef with cell membranes may be critical for its function, per-
haps by facilitating interaction with key cellular factors. The
amino acid sites at which Nef is phosphorylated, the mecha-
nism underlying this phosphorylation, and its role in the func-
tion(s) of Nef remain largely unknown. Although the threo-

nine residue at position 15 (Thr-15) has been thought to
influence its phosphorylation, Nef has not been shown to be
phosphorylated at this site (9, 21, 22). The significance of the
contribution of Thr-15 is questionable because this residue is
not conserved among functional Nef isolates (e.g., SF2, NL4-3,
and SIVmac239) (37). Although associated with a cellular
serine/threonine kinase, Nef does not appear to be phosphor-
ylated by this kinase (43, 44). However, bacterially expressed
Nef is efficiently phosphorylated by protein kinase C (PKC) in
vitro, suggesting that PKC may modify Nef in vivo.
Here we show that Nef is phosphorylated at a basal level in

human T cells that have been either acutely infected with
HIV-1SF2 or transduced by a retrovirus vector expressing SF2
Nef and that stimulation of these cells with PMA and phyto-
hemagglutinin (PHA) significantly enhanced the phosphoryla-
tion of Nef. We also show that both the basal and PMA/PHA-
induced phosphorylation reactions occur on serine residues of
Nef. Interestingly, enhanced phosphorylation of Nef led to
increased downregulation of CD4 from the cell surface.
Treatment with PMA/PHA increased the phosphorylation of

Nef. Because PKC phosphorylates Nef in vitro (21, 22), we
determined whether Nef is phosphorylated during HIV-1 in-
fection. HIV-1SF2-infected HuT 78 cells were labeled with Pi in
the absence or presence of PMA/PHA, and Nef was then
immunoprecipitated by using a specific monoclonal antibody.
The basal level of phosphorylation (Fig. 1A, lane 2) was sig-
nificantly enhanced after stimulation with PMA/PHA (Fig. 1A,
lane 3). The amount of Nef protein present increased slightly
after treatment with PMA/PHA, but Nef-specific phosphory-
lation rose by more than eightfold (Fig. 1B). These findings
suggest that the enhanced level of phosphorylation after treat-
ment with PMA/PHA was not due to the effect of PMA/PHA
on Nef expression.
To establish whether phosphorylation of Nef occurs inde-
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pendently of the expression of other HIV-1 proteins, HuT 78
cells were transduced to express HIV-1SF2 Nef (7, 31). The
transduced cells expressed Nef and showed decreased levels of
surface CD4, as expected (7, 31, 32) (data not shown). The
basal level at which Nef was phosphorylated in these cells was
similar to that seen in the HIV-1-infected cells (Fig. 1C, lane
2). When cells were treated with PMA/PHA, the phosphory-
lation of Nef increased approximately 12-fold (Fig. 1C, lane 3).
Subsequently, we found that PMA alone induced the same
level of Nef phosphorylation as the PMA/PHA combination
(data not shown). These results suggest that both the basal and
the PMA-induced levels of Nef phosphorylation are indepen-
dent of the expression of other HIV-1 genes.
Phosphorylation of Nef occurred on serine residues. Phos-

phoamino acid analysis was performed to determine the iden-
tity of the amino acids on which Nef is phosphorylated and
whether treatment with PMA/PHA changes this pattern. Only
serine residues were phosphorylated under both the basal and
the PMA/PHA-induced conditions (Fig. 2 and data not
shown). These results suggest that phosphorylation of Nef is
mediated by a cellular serine kinase(s).

A specific inhibitor of PKC blocked the PMA/PHA-induced
but not the basal phosphorylation of Nef. PMA activates PKC
in intact cells (8, 10, 12, 29, 38). To determine if PKC is
involved in the phosphorylation of Nef in vivo, cells were
treated with bisindolylmaleimide I, a potent and specific inhib-
itor of PKC (49). A parallel sample was similarly treated with
H89, an inhibitor of PKA (14). As shown in Fig. 3A, H89 had
no significant effect on Nef phosphorylation but bisindolylma-
leimide I blocked the PMA/PHA-induced phosphorylation of
Nef. These results support a role for PKC in the PMA-induced
phosphorylation of Nef. In contrast to its dramatic effect on
PMA/PHA-induced phosphorylation, bisindolylmaleimide I
did not affect the basal level of Nef phosphorylation (Fig. 3B).
This finding suggests that PKC is not responsible for or in-
volved in the basal phosphorylation of Nef. Therefore, the

FIG. 1. Nef phosphorylation in HIV-1SF2-infected human HuT 78 T cells.
(A) Immunoprecipitation of 32P-labeled Nef from HIV-1SF2-infected cells. HIV-
infected HuT 78 cells (63 106) were first incubated for 3 h in phosphate-free cell
culture medium and then incubated for 4 h with fresh phosphate-free medium
containing [32P]phosphoric acid (0.2 mCi/ml; ICN, Costa Mesa, Calif.). The cells
were washed with ice-cold phosphate-buffered saline and lysed in lysis buffer (1%
Triton X-100, 10 mM Tris, 5 mM Na2-EDTA, 50 mM NaCl, 30 mM Na4P2O7, 50
mM NaF, 100 mM Na3O4, 1 mg of aprotinin per ml, 1 mg of leupeptin per ml, 1
mM phenylmethylsulfonyl fluoride). The cell lysates were subjected to immuno-
precipitation with a Nef-specific monoclonal antibody. Lane 1, mock-infected
cells treated with PMA/PHA; lane 2, HIV-1-infected cells; lane 3, HIV-1-in-
fected cells treated with PMA/PHA. PMA (50 ng/ml) and PHA (5 mg/ml) (both
from Sigma, St. Louis, Mo.) were added to the medium during the 32P labeling.
Molecular mass markers (in kilodaltons) are on the left. The radioactivity levels
of the bands were quantitated with a PhosphorImager (Molecular Dynamics
model 425F). (B) Western blot analysis of Nef expression. Equal amounts (100
mg) of total cellular protein were loaded. Lane 1, mock-infected HuT 78 cells;
lane 2, HIV-1SF2-infected HuT 78 cells; lane 3, HIV-1SF2-infected HuT 78 cells
treated with PMA/PHA. The blot was probed with rabbit anti-Nef antisera and
detected with goat anti-rabbit immunoglobulin G conjugated with alkaline phos-
phatase (Promega, Madison, Wis.) as previously described (6, 7, 31). (C) Nef
phosphorylation in the absence of other HIV proteins. Immunoprecipitation of
32P-labeled Nef was done as described in the legend for panel A. Lane 1, HuT
78/LN control cells; lane 2, HuT 78 cells transduced with LNefSN; lane 3,
PMA/PHA-treated HuT 78 cells transduced with LNefSN.

FIG. 2. Nef is phosphorylated on serine. Bands corresponding to phosphor-
ylated Nef from cells after PMA/PHA treatment were eluted from a sodium
dodecyl sulfate-polyacrylamide gel and subjected to phosphoamino acid analysis
as previously described (13). The right panel shows amino acid standards visu-
alized with ninhydrin. The left panel shows an autoradiogram of phosphorylated
amino acids of Nef.
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kinase pathway that mediates the basal phosphorylation of Nef
is different from the pathway that mediates PMA/PHA-in-
duced Nef phosphorylation.
Enhanced phosphorylation by PMA further downregulates

a PMA-insensitive CD4 mutant in Nef-expressing cells. To
address the possible physiologic relevance of Nef phosphory-
lation, we examined the effect of PMA-induced Nef phosphor-
ylation on the downregulation of CD4. We used HeLa.H4
cells, which express a PMA-resistant CD4 mutant (18, 47,
48), because treatment with PMA causes a Nef-indepen-
dent, PKC-mediated downregulation of wild-type CD4 (1,
39, 42). HeLa.H4 cells transduced with LNefSN express SF2
Nef and show a reduction in cell surface CD4 levels (Fig. 4a,
graph C, and Fig. 4b). The basal and PMA-induced levels of
Nef phosphorylation in the HeLa.H4 cells transduced with
LNefSN were similar to those observed in HuT 78 cells (data
not shown). There was no significant difference in the levels of
Nef in the control and PMA-treated cells (data not shown).
These results show that Nef phosphorylation is cell type inde-
pendent and that the increase in phosphorylation is not due to
higher levels of Nef expression. While treatment with PMA has
no significant effect on the levels of the CD4 mutant in HeLa.
H4 control cells (Fig. 4a, graph B, and Fig. 4b), in Nef-express-
ing cells there was a further reduction of cell surface CD4 lev-
els (Fig. 4a, graph D, and Fig. 4b). These data suggest that PMA-
induced phosphorylation potentiates the Nef-induced cell sur-
face downregulation of this PMA-insensitive CD4 mutant. In
addition, these results confirm that CD4 downregulation by
Nef does not require serine phosphorylation of CD4 (18).
The data presented in this paper show that HIV-1 Nef is

phosphorylated during the infection of HuT 78 human T cells
by HIV-1SF2 and that phosphorylation of Nef is significantly
increased after stimulation with PMA/PHA. We obtained sim-
ilar results when only HIV-1SF2 Nef was expressed, suggesting
that no other HIV proteins are important for the phosphory-
lation of Nef. In previous reports from other laboratories,
threonine 15 was implicated in the phosphorylation of HIV-1
Nef because mutation of this site abolished its PMA/PHA-

induced phosphorylation (9, 21, 22). However, the actual iden-
tities of the phosphorylated amino acids were not explored
further. Several functional Nef isolates (including HIV-1SF2
Nef) have an alanine at position 15 (37), suggesting that a
threonine residue at this site is not essential for function. On
the basis of the data presented here, Thr-15 also is not abso-
lutely crucial to the phosphorylation of Nef or for Nef-induced
CD4 downregulation.
The phosphoamino acid analysis shown in Fig. 2 demon-

strates that the phosphorylation of HIV-1SF2 Nef occurs on
serine residues. However, depending on the Nef isolate, it is
possible that other residues may be phosphorylated. In a pre-
vious manuscript, Bandres et al. reported that Nef was not
phosphorylated in Jurkat T cells unless they were treated with
PMA/PHA (9); our present results show a basal level of phos-
phorylated Nef in HuT 78 cells. This difference could be due to
the fact that different Nef isolates and cell lines were used
(HIV-1HXB3 versus HIV-1SF2). However, they are more likely
a result of improved expression and detection systems.
In vitro studies have shown that Nef purified from a bacterial

expression system is phosphorylated by PKC (21, 22). To in-
vestigate the possible role of PKC in the phosphorylation of
Nef in vivo, we examined the effect of bisindolylmaleimide I, a
specific inhibitor of PKC activity. This compound blocked the
PMA/PHA-induced phosphorylation of Nef; in contrast, PKA
inhibitor H89 had no effect on this process. These results
suggest that PKC is involved in PMA/PHA-induced phosphor-
ylation of Nef in vivo. There is a single PKC serine phosphor-
ylation site conserved in all Nef isolates (amino acid 107 for
SF2 Nef) (37). Interestingly, a mutation to alanine at this site
in SF2 Nef had no effect on the basal or induced levels of Nef
phosphorylation (data not shown). In addition, this mutation
did not affect CD4 downregulation (data not shown). The fact
that in the presence of Nef a PMA-insensitive CD4 mutant was
further downregulated from the cell surface suggests that in-
duced Nef phosphorylation potentiates the effect of Nef on
CD4 surface expression levels.
Our results highlight the complexity surrounding the regu-

lation of HIV proteins. Nef from HIV-1SF2 has 11 serine res-

FIG. 3. Effect of a specific PKC inhibitor on Nef phosphorylation. All sam-
ples were labeled with 32P and immunoprecipitated in parallel for each experi-
ment as described in the legend for Fig. 1A. (A) Bisindolylmaleimide I, a specific
inhibitor of PKC, blocks PMA/PHA-induced phosphorylation of Nef. Lanes: 1,
HuT 78/LN (control) cells treated with PMA/PHA; 2, HuT 78 cells transduced
with LNefSN (HuT 78/LNefSN cells); 3, HuT 78/LNefSN cells treated with
PMA/PHA; 4, HuT 78/LNefSN cells treated with PMA/PHA in the presence of
0.5 mM bisindolylmaleimide I; 5, HuT 78/LNefSN cells treated with PMA/PHA
in the presence of 2.4 mM H89, a PKA inhibitor. Both PKC inhibitor bisindolyl-
maleimide and PKA inhibitor H89 were purchased from Calbiochem-Novabio-
chem International (San Diego, Calif.). Molecular mass markers (in kilodaltons)
are on the right. (B) Bisindolylmaleimide has no effect on the basal level of Nef
phosphorylation. Lanes: 1, HuT 78/LN (control) cells; 2, HuT 78/LNefSN cells;
3, HuT 78/LNefSN cells treated with 0.5 mM bisindolylmaleimide I; 4, HuT
78/LNefSN cells treated with 5 mM bisindolylmaleimide I; 5, HuT 78/LNefSN
cells treated with 24 mM H89.
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idues, most of which are well conserved among various isolates.
To address the significance of the basal phosphorylation of Nef
in regulating the stability, cellular localization, and function of
the protein, extensive mutagenesis and functional analysis will
be necessary. Similar experiments will be needed to further
explore the role of PMA-induced Nef phosphorylation. How-
ever, the enhanced downregulation of a PMA-insensitive CD4
mutant by Nef after treatment with PMA suggests a possible
functional role for the phosphorylation of Nef. Further, bisin-
dolylmaleimide I did not block the basal phosphorylation of
Nef, leading us to hypothesize that the kinase pathway for this
modification differs from the pathway involved in PMA/PHA-
induced phosphorylation. Our findings suggest that differential
phosphorylation may regulate the various functions of Nef and
its diverse interactions with host factors during various stages
of the cell and viral life cycles.
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