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The Nef proteins of human immunodeficiency virus and simian immunodeficiency virus (SIV) bind the AP-1
and AP-2 clathrin adaptors to downmodulate the expression of CD4 and CD28 by recruiting them to sites of
AP-2 clathrin-dependent endocytosis. Additionally, SIV Nef directly binds the CD3-{ subunit of the CD3
complex and downmodulates the T-cell receptor (TCR)-CD3 complex. We report here that SIV mac239 Nef
induces the endocytosis of TCR-CD3 in Jurkat T cells. SIV Nef also induces the endocytosis of a chimeric
CD8-CD3-{ protein containing only the CD3-( cytoplasmic domain (8-(), in the absence of other CD3 subunits.
Thus, the interaction of SIV Nef with CD3-{ likely mediates the induction of TCR-CD3 endocytosis. In cells
expressing SIV Nef and 8-, both proteins colocalize with AP-2, indicating that Nef induces 8- internalization
via this pathway. Surprisingly, deletion of constitutively strong AP-2 binding determinants (CAIDs) in SIV Nef
had little effect on its ability to induce TCR-CD3, or 8- endocytosis, even though these determinants are
required for the induction of CD4 and CD28 endocytosis via this pathway. Fluorescent microscopic analyses
revealed that while neither the mutant SIV Nef protein nor 8-{ colocalized with AP-2 when expressed inde-
pendently, both proteins colocalized with AP-2 when coexpressed. In vitro binding studies using recombinant
SIV Nef proteins lacking CAIDs and recombinant CD3-{ cytoplasmic domain demonstrated that SIV Nef and
CD3- cooperate to bind AP-2 via a novel interaction. The fact that Nef uses distinct AP-2 interaction surfaces
to recruit specific membrane receptors demonstrates how Nef independently selects distinct types of target
receptors and recruits them to AP-2 for endocytosis.

Nef is an accessory protein of human immunodeficiency
virus (HIV) and simian immunodeficiency virus (SIV) that is
required for optimal viral virulence (10, 24). In T cells, Nef
proteins modulate multiple aspects of protein sorting and sig-
nal transduction machineries to provide an environment that
better supports viral replication (37, 41, 52). On the one hand,
Nef proteins modulate a subset of signaling cascades down-
stream of the T-cell receptor (TCR)-CD3 complex and facili-
tate the activation of infected T cells (16, 47, 50, 51, 59, 60). On
the other hand, both HIV type 1 (HIV-1) and SIV Nef proteins
downregulate cell surface receptors that are important for an-
tigen-specific signaling in class II major histocompatibility
complex (MHC)-restricted T cells, such as CD4, CD28, and, in
the case of SIV Nef, the TCR-CD3 complex (2, 3, 15, 51, 56).
These programs are likely important for facilitating viral rep-
lication in T cells.

Nef downregulates the cell surface expression of CD4,
CD28, and class I MHC receptors by accelerating their endo-
cytosis from the plasma membrane (1, 48, 56). Nef recruits
CD4 and CD28 to the endocytic machinery via the AP-2 clath-
rin adaptor (9, 18, 19, 30, 35, 36, 56). In contrast, Nef induces
the endocytosis of class I MHC via an AP-2-independent path-
way, and subsequent sorting of the internalized class I MHC
complexes from the trans-Golgi to lysosomes involves the AP-1
clathrin adaptor and PACS-1 (20, 27, 38). Each effect of Nef on
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CD4, CD28, and class I MHC expression involves distinct
molecular interactions of Nef with target molecules and/or
elements of the protein-sorting machinery (2, 20, 30, 31, 56).
Furthermore, these interactions can be independently modu-
lated during progression of immunodeficiency virus infection
(6). For example, natural HIV-1 Nef isolates from advanced
stages of infection downregulate class I MHC much less effi-
ciently than isolates from early stages of infection, consistent
with the diminished need to evade the immune system as the
host progresses to immunodeficiency. In contrast, the ability of
Nef to downregulate CD4 expression is maintained or even
enhanced after progression to AIDS (6). The independent
modulation of these HIV-1 Nef functions during natural in-
fection permits adaptation of the virus to an ever-changing
host environment.

The high degree of specificity exhibited by Nef in selecting
different target molecules to the sites of endocytosis is not well
understood. Nef proteins are known to interact directly with
CD4 as well as with AP-1 and AP-2 clathrin adaptors (18, 28,
30, 36). The SIV and HIV-1 Nef proteins bind clathrin adap-
tors via different interaction surfaces (4, 5,30, 36). In the case
of SIV Nef, two constitutive high-affinity AP-2 interaction de-
terminants (CAIDs) are located in the N-terminal region of
the molecule (30). Each of these two CAIDs is sufficient to
target heterologous proteins to AP-2-coated areas at the
plasma membrane in vivo and to promote association with
AP-2 clathrin adaptors in vitro. The N-proximal CAID con-
tains tyrosine-based sorting motifs and probably contacts the
adaptor complex w subunit, but this interaction is not required
in vivo for any of the known Nef functions (5, 30, 36). The
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N-distal CAID associates with the AP-2 clathrin adaptor via a
distinct interaction surface that does not contain dileucine- or
tyrosine-based sorting motifs. The N-distal CAID is required
for the induction of CD4 and CD28 endocytosis, unlike the
N-proximal CAID (30, 56). In the case of HIV-1 Nef, associ-
ation with the AP-2 complex probably occurs via a dileucine
sequence located in the C-terminal disordered region of the
molecule that binds acceptor sites in the B subunit of AP-2 (4,
9,18, 40). Nuclear magnetic resonance solution studies of
HIV-1 Nef bound to CD4 cytoplasmic domain peptides reveal
a CD4 binding site in the Nef structured core domain that is
likely conserved in the SIV Nef protein (21, 39). The observa-
tion that Nef can independently bind to CD4 and AP-2 sug-
gests that the recruitment of CD4 to AP-2 by Nef involves the
formation of ternary complexes containing the three proteins.
A similar model can explain the recruitment of CD28 by HIV-1
and SIV Nef proteins to clathrin-coated pits for the induction
of CD28 endocytosis (56).

To further address the mechanisms that mediate the effect
of Nef on protein sorting, we studied the downregulation of
TCR-CD3 cell surface expression by SIV mac239 Nef
(239.Nef), which is a conserved function of SIV Nef that is
selected for in vivo (2, 34). The core domain of 239.Nef
strongly binds to two elements in the cytoplasmic domain of
the CD3-{ subunit of the TCR-CD3 complex (22, 44, 45), and
this interaction is also conserved in HIV-2 Nef (22, 45). Since
the N-terminal region of 239.Nef binds the AP-1 and AP-2
clathrin adaptors, we thought that 239.Nef may disrupt the
normal trafficking of the CD3-{ by acting as a molecular linker
to bridge CD3-{ with AP-1 and/or AP-2, in a manner similar to
that proposed previously for Nef recruitment of CD4 to AP-2.
However, it was reported that mutations in the N-terminal
AP-2 binding determinants in 239.Nef do not affect its ability
to downregulate cell surface TCR-CD3, suggesting that Nef
uses a different mechanism to downregulate TCR-CD3 cell
surface expression (45).

Here we show that SIV Nef induces the endocytosis of
TCR-CD3 via the AP-2 clathrin adaptor pathway. Unexpect-
edly, the strong AP-2 binding elements previously identified in
239.Nef are dispensable for this effect. Instead, Nef and the
CD3-{ cytoplasmic domain cooperate to bind AP-2 via a novel
molecular interaction to induce TCR-CD3 endocytosis. The
cooperative binding of the Nef-CD3-{ complex to AP-2 pro-
vides the mechanism for the selective recruitment of this cargo
molecule to the endocytic machinery. The use of different
AP-2 interaction surfaces in Nef depending on the specific
cargo demonstrates how this small viral protein independently
selects distinct types of cargo molecules and recruits them to
AP-2.

MATERIALS AND METHODS

Plasmids. 239 (r23.74) and 239 p10144) 239.Nef mutants and green fluorescent
protein (GFP) fusions were described previously and were constructed by using
standard molecular biology techniques (30). Open reading frames encoding
wild-type and mutant 239.Nef-GFP proteins were subcloned into pCG (57), and
those encoding Nef alone were subcloned into the pCGCG bicistronic expression
vector containing GFP under translational control of an internal ribosome entry
site (30). The 8- gene encodes a chimeric protein containing the extracellular
and transmembrane domains of human CD8-a subunit (amino acids M1 through
A218 in the CD8-a peptide) fused directly to the cytoplasmic domain of CD3-{
subunit (amino acids V53 through R163 in the CD3-{ peptide) (23). 8-( was
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constructed by using PCR and subcloned into pCG and pCGCG expression
plasmids. In 8-{-GFP, GFP is fused to the C-terminal end of 8- polypeptide via
a glycine-alanine-glycine-alanine linker. GST-239.nef fusion genes encoding wild-
type or mutant SIV Nef proteins were constructed by fusing the 3’ end of the
open reading frame encoding Schistosoma japonicum glutathione S-transferase
to the 5" end of the nef coding sequence and subcloning the hybrid gene into the
PpSBET Escherichia coli expression plasmid (46). The gene encoding the cyto-
plasmic domain of the CD3-{ subunit (amino acids R52 to P161) and containing
both a FLAG epitope (7) coding sequence at the 5’ end and six additional
histidine codons at the 3’ end [referred to as {(s».161y] Was also subcloned into
pSBET.

Cell lines and DNA transfections. Jurkat T cells expressing high levels of
human CD4 (JJK subline), HeLa cells, and IMR90 cells were maintained and
transfected by electroporation as described previously (19, 30).

Flow cytometry analysis. Flow cytometric analyses of GFP and the cell surface
expression of TCR, 8-¢, CD4, or class I MHC were performed on an Epics Elite
or FACSCalibur flow cytometer as described previously (20, 30). Aliquots of 2 X
10° cells were reacted with saturating amounts of phycoerythrin (PE)-conjugated
monoclonal antibody (MAb) HIT3A (Becton Dickinson) (specific for the CD3-¢
subunit), PE-conjugated MADb Leu-2a (Becton Dickinson) (specific for CD8-a)
to reveal the 8-( chimera, PE-conjugated MAb W6/32 (Immunotech) (specific
for assembled class I MHC complexes), or PE-conjugated MAb Leu3A (Becton
Dickinson) (specific for CD4).

TCR-CD3 and 8- endocytosis assays. Jurkat T cells were transfected with
bicistronic plasmids expressing appropriate Nef proteins and GFP, and internal-
ization of the CD3 complex from the cell surface was quantitated by flow
cytometry (19, 30). HeLa cells were transiently cotransfected with bicistronic
plasmids coexpressing 8-{ molecules containing the wild-type or mutant CD3-{
cytoplasmic domain and GFP, together with pCG 239.Nef, or an empty control
vector, and the rate of CD8 endocytosis was also determined as described below.
At 12 to 16 h posttransfection, 5 X 10° cells were reacted with PE-conjugated
MADb UCHT-4 (Sigma) (specific for CD8-a) on ice in RPMI 1640 medium
containing 0.2% bovine serum albumin and 10 mM HEPES (pH 7.4). Following
removal of the unbound antibody, aliquots of 10° cells were incubated for the
indicated amounts of time at 37°C. The reactions were terminated on ice, and
each sample was divided into two aliquots and diluted fivefold with PBS or with
RPMI 1640 adjusted to pH 2 (acid wash to remove MAb that had not been
internalized). Total CD3 (or 8-{) and internalized CD3 (or 8-{) were determined
by flow cytometry for cells showing identical levels of GFP expression. The
fraction of internalized CD8 was determined as described previously (19, 30).

Fluorescent microscopy analysis. To visualize clathrin adaptors and GFP,
IMRO90 cells grown on coverslips were fixed and permeabilized as described
previously (19, 56). Coverslips were incubated with MAb 100/1 (Sigma), (specific
for B-adaptin), followed by Texas Red-conjugated goat anti-mouse immunoglob-
ulin G antibody (Amersham). To visualize 8- and GFP, coverslips were incu-
bated with MAb Leu-2a (Becton-Dickinson) (specific for CD8-a) and reacted
with anti-mouse immunoglobulin G antibody conjugated to Texas Red.

Clathrin adaptor preparations. Adaptor complexes were extracted from clath-
rin-coated vesicles purified from calf brains, as described previously (30, 32).
Protein concentration in extracts was quantitated with the bicinchoninic acid
reagent (Pierce).

Recombinant proteins and assembly of SIV Nef-CD3-{ complexes in vitro.
GST-Nef fusion proteins were purified from E. coli strain BL21(DE3) induced at
18°C with 0.5 mM isopropyl-B-p-thiogalactopyranoside (54) by adsorption to
glutathione-Sepharose beads (Sigma). CD3-{ cytoplasmic domain peptide {(s,.
161) was purified on an Ni-nitrilotriacetic acid agarose affinity column as recom-
mended by the manufacturer (Qiagen). The purified proteins were quantitated
by comparison with known amounts of BSA standards following separation by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie brilliant blue staining. GST-Nef-{(s;.161) complexes were formed in
vitro by incubating 100 pg of wild-type or mutant GST-Nef bound to glutathione-
Sepharose beads with a twofold molar excess of {(s5.161) CD3-{ cytoplasmic
domain peptide in 200 pl of HEMGEN buffer (25 mM HEPES [pH 7.9], 150 mM
KCl, 12.5 mM MgCl,, 0.1 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM phe-
nylmethylsulfonyl fluoride, 2 mM dithiothreitol, complete protease inhibitors
[Roche]) for several hours at 4°C. The beads were washed once in MEMGEN
buffer (100 mM MES [morpholineethanesulfonic acid] [pH 6.5], 75 mM KCl,
12.5 mM MgCl,, 0.1 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM phenylmeth-
ylsulfonyl fluoride, 2 mM dithiothreitol, complete protease inhibitors). Typically,
approximately 10% of GST-Nef was loaded with {(s5.141), as judged by analysis
of the complexes with known amounts of the appropriate GST-Nef and {(s5.161)
standards on SDS-polyacrylamide gels.
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FIG. 1. SIV Nef accelerates endocytosis of TCR-CD3. Two-color flow cytometric analysis of TCR-CD3 cell surface expression in Jurkat T cells
(JJK subline) (panels 1 to 4) and J.CaM1 cells (panels 5 to 8) transiently expressing 239.Nef together with GFP from a bicistronic transcription
unit or GFP alone (vector) (panels 1, 2, 5, and 6) is shown. Histograms of CD3 cell surface expression for populations of cells with identical levels
of GFP fluorescence, gated as indicated in panels 1 and 5, are shown for cells expressing 239.Nef together with GFP or GFP alone (panels 3 and
7). The rates of CD3 endocytosis in the absence or presence of 239.Nef, determined by a fluorescence-activated cell sorting-based endocytosis

assay, are shown in panels 4 and 8.

GST pulldown experiments. Preformed complexes containing {(s>.11y and the
wild-type or mutant GST-Nef proteins, or GST-Nef proteins alone, were immo-
bilized on Sepharose-glutathione beads and incubated with 200-ug aliquots of
adaptor complexes in MEMGEN for 4 h at room temperature. Subsequently, the
beads were washed five times with MEMGEN buffer, and the retained proteins
were denatured by boiling in reducing SDS-PAGE loading buffer and resolved
on SDS-5 to 20% gradient polyacrylamide gels. Following electrophoresis, the
upper area of the gel containing «, 8, and -y subunits of clathrin adaptors was
electroblotted onto an Immobilon-P membrane and analyzed by Western blot-
ting (30). The lower area of the gel was fixed and stained with Coomassie brilliant
blue G-250 to confirm comparable loads of various GST-Nef and {s5.161) pep-
tides.

Cell surface biotinylation and immunoprecipitation. JJK T cells were washed
three times with ice-cold phosphate-buffered saline (PBS) (pH 8.0), suspended at
a concentration of 2.5 X 107 cells/ml in PBS, reacted with 0.5 mg of sulfo-NHS-
biotin (Pierce) per ml of reaction volume for 30 min, and washed extensively with
ice-cold PBS to remove any remaining nonreacted biotinylation reagent. Cells
were lysed at a concentration of 107 cells/ml with a buffer containing 1% digi-
tonin, 50 mM Tris-HCl, (pH 7.6), 150 mM NacCl, 10% glycerol, and complete
protease inhibitors (Roche). Immunoprecipitations were performed with anti-
CD3-{ MAb (6B10.2; Santa Cruz Biotechnology) from lysate aliquots equivalent
to 5 X 107 cells. Nef was isolated by using anti-influenza virus hemagglutinin
(HA) MAb 12CAS5 and anti-papillomavirus AU1 epitope MAb (BABCO) from
a lysate equivalent of approximately 2.5 X 10% cells (B. Hill and J. Skowronski,
data not shown). The immunoprecipitates were separated by SDS-PAGE under
reducing conditions, transferred onto a polyvinylidene difluoride membrane (Im-
mobilon-P; Millipore Corporation), and detected by using streptavidin-peroxi-
dase and an enhanced chemiluminescence system (Amersham).

Immunoblot analysis. Clathrin adaptors bound by GST-Nef or the GST-Nef-
CD3-{(s5.161) complex were detected with MAb 100/2 (Sigma) (specific for the
AP-2 a-subunit) or with MAb 100/3 (Sigma) (specific for the AP-1 -y-subunit).
AP-1 and AP-2 were detected simultaneously with MAb 100/1 (Sigma) (specific
for B-adaptin subunits of both adaptor complexes). Additionally, small aliquots
of binding reaction mixtures were resolved by SDS-PAGE and analyzed by
immunoblotting with MAb 100/1 to ensure that they contained equivalent
amounts of adaptor complexes. Immunoblot analysis was performed with the
ECL system (Amersham) or LumiLite (Roche).

RESULTS

SIV Nef accelerates the rate of endocytosis of the TCR-CD3
complex. SIV Nef binds to two elements (SIV Nef interaction

domains) in the cytoplasmic domain of the CD3-{ subunit.
These interactions correlate with the ability of Nef to decrease
cell surface expression of the TCR-CD3 complex (44, 45).
Since Nef downmodulates the cell surface expression of other
plasma membrane receptors by accelerating their endocytosis,
we asked whether SIV Nef induces endocytosis of the TCR-
CD3 complex. First, we measured the rate of internalization of
CD3 in the human T-lymphoblastoid Jurkat cell subline (JJK)
transiently expressing Nef and a GFP reporter protein from a
bicistronic plasmid. As shown in Fig. 1, in cells transfected with
a plasmid expressing 239.Nef, the steady-state CD3 expression
on the cell surface was downregulated by at least 2 orders of
magnitude in a dose-dependent manner (Fig. 1, panels 2 and
3). As shown in panel 4, this decrease was accompanied by an
increased rate of CD3 endocytosis.

Nef proteins were reported to modulate aspects of the CD3
signaling cascade which in turn might regulate receptor inter-
nalization (43). To address the possibility that the effects of
239.Nef on TCR-CD3 internalization rates involved the CD3
signaling machinery, additional experiments were performed
with the J.CaM1 variant of Jurkat T cells (17). J.CaM1 cells
have a gross defect in the TCR-CD3 signal transduction path-
way resulting from the lack of Lck and Syk tyrosine kinase
activities (14, 53). As shown in Fig. 1, the constitutive rate of
CD3 endocytosis in J.CaM1 cells was lower than that in the
JJK T cells. Notably, the phenotype of the 239.Nef protein in
J.CaML1 cells was similar to that in JJK T cells, except for a
lower transformation efficiency of J.CaM1 cells, as evidenced
by a smaller population of positive cells (compare panels 2 and
6 and panels 3 and 7). These observations indicated that the
effect of SIV Nef on CD3 endocytosis does not require an
intact CD3 signaling cascade.

SIV Nef associates with CD3-( at the cell surface. The
CD3-{ subunits are rapidly exchanged components of the
TCR-CD3 complex and are required for stable expression of
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FIG. 2. SIV Nef associates with the CD3 complex at the cell surface. Jurkat T cells expressing 239.Nef (Nef) or not (—) were surface
biotinylated with NHS-biotin and lysed. (A) Cytoplasmic extracts were immunoprecipitated (IP) with anti-CD3-{ (lanes 1 and 2) or sequentially
with anti-HA and anti-AU1 MAbs (lanes 3 and 4), and the immunoprecipitates were immunoblotted with streptavidin-horseradish peroxidase.
Approximately five times more extract from 239.Nef-expressing cells than from control cells was used in this experiment to compensate for lower
steady-state CD3-{ levels in 239.Nef-expressing cells. Bands corresponding to CD3-{ chains are indicated. (B) Identification of biotinylated protein
bands that correspond to CD3-{ and CD3-¢ subunits. Jurkat T cells were surface biotinylated and lysed in the presence of 1% NP-40, which disrupts
the association between CD3-{ and CD3-¢ (lanes 1, 2, 5, and 6), or in the presence of 1% digitonin, which does not affect the association of the
two CD3 subunits (lanes 3, 4, 7, and 8). The extracts were immunoprecipitated with anti-CD3-{ (lanes 2, 4, 6, and 8) or with anti-CD3-¢ (lanes
1,3, 5, and 7), and the immune complexes were immunoblotted with streptavidin-horseradish peroxidase (lanes 1 to 4) or anti-CD3-{ (lanes 5 to
8). Protein bands corresponding to CD3-¢ and CD3-{ are indicated.

TCR-CD3 at the cell surface (12, 13, 25). Previous observa- that induction of TCR-CD3 endocytosis via a direct interaction
tions of direct binding of SIV Nef to the CD3-{ chain cyto- of Nef with CD3-{ is likely an important component to down-
plasmic domain (2, 22) suggested that Nef could downregulate modulation of TCR-CD3 by SIV Nef.

the TCR-CD3 complex from the cell surface by recruiting the SIV Nef induces 8-C endocytosis in HeLa cells. It was ob-
CD3-{ subunit to sites of endocytosis. We therefore performed served previously that Nef can downregulate the cell surface
experiments to confirm that the interaction of Nef with CD3-{ expression of a chimeric protein comprising the cytoplasmic
occurs at the plasma membrane. To facilitate immunopurifi- domain of CD3-{ fused to the ecto- and transmembrane do-

cation, we used a Jurkat cell line stably expressing 239.Nef mains of CD8 (8-() in the absence of other subunits of the
tagged with two sequential epitope tags, the AUI epitope TCR-CD3 complex (44). Therefore, to simplify the experimen-
derived from papillomavirus capsid protein and the HA epi- tal system to study the mechanism of Nef-induced TCR-CD3
tope derived from influenza virus HA (239.Nef-AH). We bio- endocytosis, we asked whether SIV Nef downmodulates ex-
tinylated the surface of Jurkat T cells expressing 239.Nef-AH pression of a chimeric 8- receptor by accelerated endocytosis
or control cells without Nef. 239.Nef-AH and isolated associ- in nonlymphoid cells.

ated proteins isolated from digitonin extracts by sequential HelLa cells were transiently cotransfected with a bicistronic
immunopurification with HA-specific 12CAS MAb and AU1- plasmid expressing both the chimeric 8- receptor and the GFP
specific anti-AU1 MADb. As shown in Fig. 2, the biotinylated marker, together with a plasmid expressing 239.Nef or a con-
CD3-{ chain copurified specifically with 239.Nef-AH (compare trol empty vector. The effect of Nef on the expression of 8-{
lanes 3 and 4). We concluded that Nef is associated with CD3-{ was measured by flow cytometry. As shown in Fig. 3, 239.Nef
at the cell surface. While our data do not exclude the possibility efficiently downregulated the expression of the 8-{ receptor
that SIV Nef binds CD3-{ and perturbs TCR-CD3 trafficking (compare panels 1 and 2; panel 3). Notably, as shown in panel
in the Golgi and possibly other compartments, they suggest 4, 239.Nef greatly accelerated the 8-( endocytosis rate, thus
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FIG. 3. SIV Nef induces endocytosis of the 8- chimeric receptor in nonlymphoid cells. Cell surface expression of chimeric protein comprising
the CD3-{ cytoplasmic domain peptide fused to the ecto- and transmembrane domain of CD8-a (8-¢) in HelLa cells transiently coexpressing 8-
and GFP reporter protein from the same bicistronic transcription unit in the absence (panel 1) or presence (panel 2) of 239.Nef is shown in panels
1 and 2. The histograms of 8- expression in populations of cells with comparable GFP expression, gated as indicated in panel 1, for cells expressing
239.Nef together with GFP or GFP alone are shown in panel 3. The rates of 8-{ endocytosis in the absence or presence of 239.Nef, determined
by a fluorescence-activated cell sorting-based endocytosis assay, are shown in panel 4.
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FIG. 4. In SIV Nef-expressing cells, Nef and 8-{ colocalize with the AP-2 clathrin adaptor. (Upper panels) SIV Nef redistributes the 8- chain
to the AP-2 clathrin adaptor. Dual-color immunofluorescence detection of clathrin adaptors and 8-.—GFP fusion proteins (panels 1 to 8) expressed
in IMRO0 fibroblasts in the presence (panels 5 to 8) or absence (panels 1 to 4) of SIV Nef is shown. The overlay of B-adaptin and 8-(-GFP patterns
is shown in the two leftmost panels. The three rightmost panels are the magnified images. (Lower panels) 8- colocalizes with SIV Nef. Localization
of 8-{ chimeras in IMR90 fibroblasts expressing 239.Nef-GFP fusion protein (panels 13 to 16) or GFP only (panels 9 to 12) is shown. The overlay
of 8- distribution, revealed by indirect fluorescence with an anti-CD8 MAb, and of GFP fluorescence is shown in the two leftmost panels. The

three rightmost panels are magnified images.

indicating that this effect of Nef is reproduced in HeLa cells.
Therefore, in subsequent experiments we employed the 8-
chimeric protein to study the effect of SIV Nef on CD3 traf-
ficking in adherent cells which lack T-cell-specific signaling
components, such as HeLa and IMR90 cells.

SIV Nef recruits 8- to the AP-2 clathrin adaptor in vivo.
Nef induces the endocytosis of CD4 and CD28 via the AP-2
clathrin adaptor, while Nef-induced class I MHC internaliza-
tion likely proceeds through an AP-2-independent pathway
(20, 27). To address the mechanism used by SIV Nef to inter-
nalize CD3, we examined the distribution of the 8- chimera
and AP-2 in human IMR90 cells expressing SIV Nef. To fa-
cilitate detection, 8- was fused at its C-terminal end with GFP
(8-(-GFP). The addition of GFP did not affect the ability of
the chimera to be downmodulated from the cell surface by
239.Nef (data not shown). As shown in Fig. 4, the 8-(-GFP
molecules were uniformly distributed at the surface of control

IMRO0 cells upon transient expression (panel 4). In contrast,
in cells coexpressing 239.Nef, 8-(—-GFP was redistributed to
AP-2, as revealed by colocalization with the B-adaptin compo-
nent of the AP-2 complex (panels 5 through 8).

To ensure that the addition of GFP did not distort the
trafficking of the 8-{ chimera, we also studied the localization
of the unfused 8- molecule in IMR90 cells. To facilitate de-
tection of Nef in these experiments, we fused 239.Nef protein
to GFP (239.Nef-GFP). Previously we showed that 239.Nef-
GFP colocalizes with AP-2 and that this is mediated by two
CAIDs in the N-terminal region of the 239.Nef molecule (30).
As expected, good colocalization between the 8- and 239.Nef-
GFP fluorescence patterns was observed (Fig. 4, panels 13 to
16).

The CAIDs in SIV Nef are not required for the induction of
TCR-CD3 endocytosis. Our observations from microscopy ex-
periments suggested that SIV Nef induces 8-{ endocytosis via
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an AP-2 clathrin pathway similar to that previously observed
for CD4 and CD28 endocytosis (19, 36, 56). Therefore, we
anticipated that the previously defined CAIDs in the N-termi-
nal region of 239.Nef would be required to downregulate 8- in
HeLa cells and the TCR-CD3 complex in JJK T cells (see Fig.
5A for the location of CAIDs) (30). To test this possibility, we
analyzed a mutant Nef protein containing a deletion that re-
moves both N-terminal CAIDs ([239.Nef ,5 74)]. The A23-74
mutation abolishes Nef’s ability to interact with AP-2 in vivo
and in vitro and to recruit CD4 (and CD28) to AP-2, thereby
disrupting CD4 (and CD28) downregulation (Fig. 5B) (30,56).
Surprisingly, the 239.Nef 5,5 74y mutant downregulated the cell
surface expression of TCR-CD3 in JIK T cells when expressed
at moderate levels (Fig. 5B). The lack of TCR-CD3 downregu-
lation in cells expressing 239.Nef 5374y at very high levels
suggests that this mutant can have a dominant negative phe-
notype when overexpressed. Nonetheless, at both moderate
and high levels of 239.Nef( 5,5 74, expression levels, the CD3
endocytosis rate was accelerated similarly to that seen in cells
expressing wild-type 239.Nef (Fig. 5C and data not shown).
While at present it is not known why the 239.Nef 5,5 74, pro-
tein shows different phenotypes depending on its expression
levels, it is evident that the CAIDs that are deleted by the
A23-74 mutation are not required for the induction of TCR-
CD3 or 8-¢ endocytosis. Notably, the HSIV.Nef chimeric pro-
tein comprising the N-terminal region of HIV-1 NA7 Nef (19)
(amino acid residues 1 to 73) fused to the core and C-terminal
region of 239.Nef (amino acid residues 106 to 263) was not
able to induce endocytosis and downregulate TCR-CD3 or 8-{
even though it retained binding to the CD3-{ cytoplasmic do-
main (data not shown). This suggests that an element located
in the N-terminal region of SIV Nef and distinct from CAIDs
is required for the induction of TCR-CD3 endocytosis.

The results above suggest that to downregulate CD3-{, Nef
must contact AP-2 differently than it does to induce endocy-
tosis of CD4 and CD28. A previous report had implicated
239.Nef amino acids 1194 and M195 as potentially important
for its interaction with AP-2 (5). To assess whether these
amino acids might be important for TCR-CD3-{ downregula-
tion, we tested alanine substitutions for these amino acids
(LM194AA) either alone or in combination with the A23-74
deletion [239.Nef (5374 1 m194a4)]- As shown in Fig. 5B and
C, neither mutation significantly decreased the ability of
239.Nef to downmodulate TCR-CD3 in JIK T cells or to
induce its endocytosis. Similarly, as shown in Fig. 5D, the
239.Nef(p23.74 1 M104a4) Mutation also accelerated the rate of
8-{ internalization in HeLa cells. Together these data show
that neither the CAIDs in 239.Nef nor the L194 and M195
residues are required for induction of CD3 endocytosis.

SIV Nef and 8-C chimeras are corecruited to the AP-2 clath-
rin adaptor via a novel interaction. The observation that the
CAIDs in SIV Nef are not required for the induction of TCR-
CD3, or 8-, endocytosis was unexpected considering the evi-
dence presented above that wild-type 239.Nef recruits 8- to
AP-2 (Fig. 4). One possible explanation of this paradox is that
for downregulation of CD3-{, 239.Nef o535 74 1 m104a4) CONtacts
the AP-2 clathrin adaptor via a novel interaction. Alterna-
tively, the A23-74 mutation may reveal an ability of 239.Nef
to induce CD3 endocytosis via a pathway that does not in-
volve AP-2. To distinguish between these models, we stud-
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FIG. 5. Effect of mutations in CAIDs in SIV Nef on the downmod-
ulation of TCR-CD3 via accelerated endocytosis. (A) Schematic rep-
resentation of wild-type and mutant SIV Nef proteins and location of
selected protein-protein interaction sites. The nomenclature of mutant
proteins is shown on the right. The locations of the CAIDs in the N-
terminal region of 239.Nef (N-proximal CAID and N-distal CAID) and of
the C-terminal adaptor interaction determinant (C-terminal) and the
ability of the mutant Nef proteins to bind CD3-{ are also indicated. (B)
CAIDs in 239.Nef are not required for its ability to downmodulate cell
surface CD3. Flow cytometry analysis of steady-state CD3, CD4, and
class I MHC expression in Jurkat T cells transiently expressing wild-
type or mutant 239.Nef proteins and GFP reporter from bicistronic
transcription units is shown. (C and D) Effect of mutations disrupting
CAIDs on rates of endocytosis of TCR-CD3 in the Jurkat T cell
subline J.CaM1 (C) and of 8- in HeLa cells (D) expressing wild-type
and mutant 239.Nef proteins. The rates of TCR-CD3 and 8- endocy-
tosis in the absence or presence of 239.Nef were determined by a flow
cytometry-based endocytosis assay.
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FIG. 6. 8- and SIV Nef mutants lacking N- and C-terminal AP-2 adaptor binding elements are corecruited to AP-2 in vivo. The distributions
of 239.Nef (42374, 1a104an)-GFP (panels 1 to 8), with mutated constitutive N- and C-terminal CAIDs, and of the HSIV.Nef-GFP chimera (panels
9 to 16) and clathrin adaptors in IMRY0 fibroblasts in the absence (panels 1 to 4 and 9 to 12) or presence (panels 5 to 8 and 13 to 16) of 8-{

molecules are shown.

ied the distributions of 239.Nef 523 74 1 m194a4) Tused to GFP
[239.Nef p23.74 1 m19aa4y-GFP] and of 8- in IMRY0 fibroblasts
transiently expressing these proteins. Control experiments
demonstrated that fusing GFP to the C-terminal end of wild-
type or mutant 239.Nef does not detectably alter Nef’s ability
to associate with the CD3-{ cytoplasmic domain or to down-
modulate either TCR-CD3 or 8-{ from the cell surface (data
not shown). As expected, the 239.Nef( 55 74 1 m194a)-GFP chi-
mera (Fig. 6, panels 1 to 4), as well as 8- fusion proteins (Fig.
4, panels 1 to 4), produced uniform diffuse staining patterns
when expressed independently in IMRO90 fibroblasts. In con-
trast, when the 239.Nef(5»3 741 m104aa)"GFP was coexpressed
with the 8-{ chimera, it produced the characteristic punctate
pattern in the cell periphery that colocalized with the AP-2
clathrin adaptor pattern (Fig. 6, panels 5 to 8). Thus, an SIV
Nef lacking CAIDs can be corecruited with 8- to AP-2 in vivo.
In contrast, the HSIV.Nef chimera, which does not induce
TCR-CD3 endocytosis (Fig. 5C), did not colocalize with AP-2
when expressed alone or in combination with 8- (Fig. 6, panels
9 to 16).

SIV Nef and the cytoplasmic domain of CD3-{ cooperatively
bind AP-2 clathrin adaptor in vitro. 239.Nef x»3 741 mi04an)
lacks all known CAIDs and, in contrast to wild-type 239.Nef,
does not detectably bind the AP-2 clathrin adaptor in in vitro
pulldown assays (30, 55). To determine how this protein can
mediate recruitment of 8- to AP-2 in vivo, we asked whether
the CD3-{ cytoplasmic domain could restore the binding of
this mutant 239.Nef protein to AP-2 in vitro.

First, we reconstituted the 239.Nef-CD3-{ complex in vitro
by using recombinant 239.Nef and a CD3-{ cytoplasmic do-
main peptide spanning arginine R52 through proline P161
[{(s2-161)] and comprising both SIV Nef target sites (44, 45).
Chimeric proteins comprising wild-type or mutant forms of
239.Nef fused to GST (GST-Nef) were immobilized on gluta-
thione-Sepharose beads and incubated with a twofold molar
excess of purified recombinant {5, 61y peptide. Following ex-
tensive washes, typically 10 to 15% of GST-Nef was loaded
with {55161y peptide, as judged from SDS-PAGE analysis
of the complexes retained on glutathione-Sepharose beads
(Fig. 7, bottom panel, lanes 4 and 5, and data not shown). The
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FIG. 7. SIV Nef and the CD3-{ subunit cytoplasmic domain cooperatively bind the AP-2 clathrin adaptor in vitro.(Upper panel) Recombinant
CD3-{ cytoplasmic domain peptide {(s,.141, Was loaded in vitro onto wild-type and mutant 239.Nef proteins fused to GST. Aliquots of various
GST-Nef~{(5,.161) complexes or GST-Nef fusion proteins alone were incubated with extracts containing clathrin adaptors. The bound AP-2 and
AP-1 were quantitated by immunoblot analysis with a-adaptin-specific MAb 100/2 (), y-adaptin-specific MAb 100/3 (), and B-adaptin-specific
MADb 100/1 (B). A GST fusion protein containing CD3-{s;.61) cytoplasmic domain peptide [GST-{(s;.161)] and GST alone were used as negative
controls (lanes 1 to 3). Aliquots of adaptor extract corresponding to 0.25 to 8% of the amount used for each binding reaction were used as standards
for quantitation (lanes 11 to 16). (Lower panel). Three percent aliquots from the binding reactions were resolved by electrophoresis on
SDS-polyacrylamide gels and stained with Coomassie brilliant blue to demonstrate that equivalent amounts of various GST-Nef proteins were used
in the binding reactions and to visualize the presence of {(s;.151) peptide in appropriate complexes (lanes 5, 7, and 9).

interaction of GST-Nef with the {5, 161, peptide was specific,
because the {(s, 161y peptide was not retained by GST alone
(compare lanes 3 and 5). Notably, deletion of the N-terminal
AP-2 interaction determinants [GST-Nef y,3.74,] or the addi-
tional LM194AA mutation [GST-Nef 523 741 m104a4)] did not
impair the ability of 239.Nef to bind the {s,.,4;, peptide (Fig.
7, bottom panel, compare lanes 5, 7, and 9). Thus, the inter-
action of wild-type and mutant 239.Nef proteins with the
{(s2-161) Peptide was sufficiently strong to permit the formation
of stable complexes of the two proteins in vitro.

Next, we compared the binding of various GST-Nef fusion
proteins, alone or in complex with the {5,_6, peptide, to AP-2
and AP-1 clathrin adaptors. Glutathione-Sepharose beads
loaded with appropriate proteins were incubated with adap-
tor protein complexes purified from calf brains and washed
extensively. The bound proteins were eluted from glutathione-

Sepharose and analyzed by Western blotting with MAbs
specific for the a-adaptin component of the AP-2, for the
B-adaptin component of AP-1 and AP-2, or for the y-adaptin
component of the AP-1 adaptor complex (Fig. 7, upper panel).
As expected, GST-Nef 553 74y and GST-Nef 52574 1 m19444)
bound AP-2 much less efficiently than wild-type GST-Nef
(Fig. 7, a-adaptin panel, compare lanes 4, 6, and 8). Strikingly,
however, GST-Nef 53 74y in complex with the {5,161, peptide
bound at least eight times more AP-2 than GST-Nef s34,
alone (compare lane 7 to lane 6 and to lanes 11 through 16).
Similarly, the GST-Nef xo374 1 m104aay(52-161) COmplex bound
at least fourfold more AP-2 than GST-Nef(5»3 741 m104a) @lOne
(compare lanes 8 and 9).

The CAID mutations also disrupted the binding of 239.Nef
to AP-1, but to a lesser extent than that seen for the AP-2
clathrin adaptor (Fig. 7, y-adaptin panel, compare lanes 4, 6,
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FIG. 8. Models for the cooperative assembly of heterotrimeric complexes containing SIV Nef, AP-2, and the CD3-{ subunit of the TCR-CD3
complex as cargo. (A) A likely model for the induction of TCR-CD3 endocytosis by Nef. SIV Nef and the CD3-{ cytoplasmic domain bind with
high affinity to form a stable 239.Nef-CD3-{ complex. Complexed together, 239.Nef and CD3-{ produce a high-affinity binding site for AP-2. This
complex is competent to recruit CD3-{ to clathrin-coated pits. Connector model (B) and cooperative binding model (C) for the recruitment of cell
surface receptors by Nef to the AP-2 clathrin adaptor. A connector model in which Nef contacts AP-2 and the target site in the membrane receptor,
such as CD4, CD28, or CD3-{, by independent interactions is illustrated in panel B. Data from the studies on the mechanism of CD3-{ recruitment
to the AP-2 by SIV mac239 Nef provide strong support for an alternative model called a cooperative binding model, in which Nef and the target

receptor bind cooperatively AP-2, as shown in panel C.

and 8 with lanes 11 through 16). Notably, wild-type and mutant
239.Nef-{(s5.151) complexes exhibited markedly decreased
binding to AP-1 compared to 239.Nef alone (compare lanes 4
and 5, lanes 6 and 7, and lanes 8 and 9), in sharp contrast to
what was observed with AP-2. We conclude that SIV Nef and
the {(s5 161y cytoplasmic domain peptide cooperatively and spe-
cifically bind the AP-2 and not the AP-1 clathrin adaptor.

DISCUSSION

We report that SIV Nef induces endocytosis of the CD3-{
subunit via the AP-2 clathrin adaptor pathway. This is likely an
important component to the downregulation of TCR-CD3 cell
surface expression by SIV Nef. Our data suggest the following
model for the induction of the TCR-CD3 endocytosis by SIV
Nef (Fig. 8). Initially, Nef associates with the cytoplasmic do-
main of the CD3-{ chain at the plasma membrane. The Nef-
CD3-{ component then binds AP-2 with high affinity to medi-
ate TCR-CD3 endocytosis. Surprisingly, the induction of TCR-
CD3 endocytosis via AP-2 is independent of the Nef CAIDs,
even though these elements were previously shown to be re-
quired for induction of CD4 and CD28 endocytosis via the
same pathway. Instead, our data indicate that the SIV Nef-
CD3-{ complex binds AP-2 cooperatively via a novel interac-
tion to recruit CD3-{ to the endocytic machinery. The obser-
vation that the recruitment of CD3-{ by SIV Nef to AP-2
involves cooperative interactions between the three molecules
illustrates a likely general mechanism by which Nef proteins
selectively recruit cell surface receptors to the endocytic ma-
chinery.

TCR-CD3 complexes are relatively stable at the cell surface
but are constantly internalized and recycled in resting T cells
(26, 29, 33). This constitutive TCR-CD3 endocytosis has been
shown to be mediated largely by sorting signals in subunits
other than CD3-{ (11, 12, 29). The downmodulation that fol-
lows TCR ligation with MHC-peptide complexes does not ap-
pear to be associated with significantly accelerated endocytosis
rates but reflects a block in TCR-CD3 recycling to the plasma
membrane (58). The observation that SIV Nef targets the
CD3-{ subunit and accelerates its endocytosis rate suggests

that it bypasses the mechanisms that normally mediate the
recruitment of TCR-CD3 to the endocytic machinery.

Previous models have described Nef as a simple linker mol-
ecule that bridges cargo and AP-2 via independent interactions
(Fig. 8A) (36). Arguing against this possibility is the observa-
tion that each of the several AP-2 interaction determinants
defined so far in SIV Nef correlates with a distinct functional
role. Thus, Nef specifically uses the N-distal CAID to recruit
CD4 and CD28 to AP-2 (30, 56). The N-proximal determinant,
which contains tyrosine-based motifs (36), is dispensable for
these functions, and its role remains to be determined (5, 30).

The cytoplasmic domain of CD4 contacts both Nef and
AP-2, but with relatively low affinities (21, 39, 40). The ability
of Nef to recruit CD4 requires leucines 1413 and L414 in the
CD4 cytoplasmic domain (1, 4,42). These residues have a dual
role in the interaction of CD4 with Nef and AP-2. First, they
comprise the dileucine endocytic signal that directly contacts a
low-affinity docking site in the B-subunit of AP-2 (40) and is
required for constitutive as well as phorbol ester-induced CD4
endocytosis (42, 49). Second, these dileucines are required for
the ability of Nef to bind CD4 (21), thus indicating that they
are important for formation of the Nef binding site within the
CD4 cytoplasmic domain. The requirement of this natural
endocytic signal in CD4 for Nef-induced endocytosis suggests
that Nef enhances the normal interaction of CD4 with AP-2
rather than replaces it. The cumulative low- and high-affinity
interactions between Nef, CD4, and AP-2 likely cooperate to
form more stable ternary complexes that mediate and enhance
recruitment of CD4 to the clathrin-coated pits.

We now show that none of the previously defined AP-2
interaction determinants in SIV Nef is required for recruit-
ment of CD3-{. In fact, a Nef molecule that is incapable of
binding to AP-2 in vitro on its own can form a trimeric complex
with both AP-2 and CD3-{, indicating novel molecular inter-
actions of Nef with the AP-2 pathway. Thus, it seems likely that
for each target cell surface receptor molecule, a distinct trim-
eric complex comprised of Nef, receptor, and AP-2 is formed,
in which Nef is oriented in a distinct and specific way with
respect to AP-2.

How does the SIV Nef-CD3-{ complex achieve high-affinity



VoL. 77, 2003

binding to the AP-2 clathrin adaptor? One possible explana-
tion is that strong binding sites that stabilize the ternary com-
plex may be allosterically induced in AP-2 by Nef, CD3-, or
the Nef-CD3-{ complex. This possibility is consistent with the
recently solved atomic structure of AP-2, which revealed that
cooperative binding of AP-2 ligands such as synaptotagmin or
phosphoinositides and tyrosine-based sorting signals involve
changes in the conformation of AP-2 that unmask the acceptor
site for these signals in the p subunit of AP-2 and increase their
binding affinities (8). Alternatively, both Nef and the mem-
brane-proximal region of the CD3-{ cytoplasmic domain may
contain low-affinity AP-2 binding sites, which in the context of
the Nef-CD3-{ complex synergize to form a combinatorial
interface with high affinity towards AP-2. While the presently
available data do no permit us to determine whether Nef in-
duces a conformational change in the AP-2 complex that in-
creases its affinity towards specific cargo, cooperative binding
of Nef, the target receptor, and AP-2 provides a versatile mech-
anism for selective recruitment of a narrow set of target mem-
brane receptors to AP-2 for induction of their endocytosis.
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