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Summary

The surface expression of MHC | is reduced in HIV-
infected cells. We show that the Nef protein affects
the intracellular sorting of HLA-A and -B molecules.
In the presence of Nef, these proteins accumulate in
the Golgi and colocalize with clathrin-coated vesicles.
MHC | modulation relies on a tyrosine-based sorting
signal located in the cytoplasmic domain of HLA-A
and -B heavy chains. This cryptic sorting signal be-
comes operative only in the presence of Nef. Nefinter-
acts with the medium (p) subunit of AP adaptor com-
plexes involved in the recognition of tyrosine-based
sorting signals, likely facilitating the connection be-
tween MHC | and the clathrin-dependent sorting ma-
chinery.

Introduction

Nef is a 27-30 kDa myristoylated protein encoded by
primate lentiviruses that is produced in abundance at
an early stage of the viral cycle (reviewed by Harris,
1996). Nef is essential for high-titer replication of SIV
(simian immunodeficiency virus)mac239 and disease
induction in macaques (Kestler et al., 1991). Nef is ex-
pressed in HIV (human immunodeficiency virus)-infected
patients, and nef-defective viral strains have been impli-
cated in some cases of long term survival of infection.
Molecular mechanisms supporting the biological effects
of Nef are not fully elucidated. Several properties have
been attributed to Nef. First, Nef affects signal transduc-
tion and activation pathways in T cells, probably through
its association with cellular kinases. Second, Nef facili-
tates reverse transcription in the incoming virion, thus
enhancing virus particle infectivity. Third, Nef down-reg-
ulates cell surface CD4 and major histocompatibility
class | (MHC 1) molecules, which accumulate intracellu-
larly and are degraded in the endosomal pathway (Gar-
cia and Miller, 1991; Aiken et al., 1994; Schwartz et
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al., 1995a, 1996). This effect has been attributed to a
stimulation by Nef of the endocytosis of surface mole-
cules (Aiken et al., 1994; Schwartz et al., 1995a, 1996).
However, the retention of neosynthetized CD4 mole-
cules in the Golgi also contributes to the modulation
(Mangasarian et al., 1997). The intracellular retention of
CD4 is mediated by a dileucine signal located in the
cytoplasmic domain (Aiken et al., 1994). The surface
expression of other integral membrane proteins tested
is not affected by Nef.

A variety of leucine-based and tyrosine-based motifs
(LZ and YXXZ/NXXY respectively, where L indicates a
leucine, Y a tyrosine, X any amino acid [aa], and Z one
of the hydrophobic aa [L, I, V, M, F, C, or A]) located in
the cytoplasmic domain of integral membrane proteins
function as sorting signals for the endosomal pathway.
Selection may occur in the trans-Golgi network (TGN)
or at the plasma membrane (Sandoval and Bakke, 1994;
Marks et al., 1997). The y and & chains of the T cell
receptor, the MHC Il associated invariant chain, the epi-
dermal growth factor (EGF) receptor, and the CD4 mole-
cule bear a leucine-based motif (Sandoval and Bakke,
1994; Marks et al., 1997). Tyrosine-based motifs are
present in a number of molecules including the low den-
sity lipoprotein, EGF, mannose-6-phosphate, and trans-
ferrin receptors (Trowbridge et al., 1993; Marks et al.,
1997). Tyrosine-based motifs are recognized by the
adaptor protein (AP) complexes (Robinson, 1994; Ohno
et al., 1995). Association of AP complexes with cytosolic
clathrin induces the budding of clathrin-coated vesicles.
At least two different but related AP complexes exist
in the cell, one associated with the plasma membrane
(AP-2) and one with the TGN (AP-1). The plasma mem-
brane AP-2 complexes are heterotetramers with two
large proteins of 100 kDa (a-adaptin and either B2- or
Bl-adaptin), a 50 kDa medium chain (n2), and a 17 kDa
small chain (62). The TGN AP-1 complexes associate
the vy and B1- or B2- adaptins, the 47 kDa pn1 medium
chain, and the 19 kDa o1 small chain. The pl and p2
subunits bind directly to tyrosine-based signals of
sorted proteins (Ohno et al., 1995; Marks et al., 1997).
Conformational changes leading to exposure of the tyro-
sine residue may be required for recognition of the sort-
ing signal (Trowbridge etal., 1993; Sandoval and Bakke,
1994).

MHC | proteins exist in a highly polymorphic, mem-
brane-anchored heavy chain, which is noncovalently as-
sociated with B,-microglobulin. The assembly of the
heavy chain with B,-microglobulin takes place in the
endoplasmic reticulum or cis-Golgi apparatus, where
they are associated with antigenic peptides (Bijlmakers
and Ploegh, 1993). The trimolecular complexes are then
addressed tothe cell surface (Neefjesetal., 1990). Heavy
chains are formed of three extracellular domains, a
transmembrane domain encoded by exon 5, and a 34
aa cytoplasmic tail encoded by exons 6, 7, and 8. MHC
| complexes are stably expressed at the cell surface
with only a minor fraction of molecules beinginternalized
spontaneously in T cells and in monocytes/macro-
phages (Neefjes et al., 1990; Reid and Watts, 1990).
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Figure 1. Nef-Induced Modulation of CD4 and MHC | in HeLa-CD4 Cells

Two-color flow cytometry analysis of HeLa-CD4 cells infected by HIV-1 (A) or transiently transfected (B and C).

(A) Cells were infected with HIV-1 (NL43) at the indicated multiplicity of infection (moi). Cells were doubly stained 24 hr later with anti-CD4
(Leu3a) and anti-MHC | (W6/32) mAbs and analyzed by flow cytometry.

(B) Cells were cotransfected with 12 g of the Nef-FT vector or the Nef-mock plasmid, 4 ng of the CD25, and 4 pg of the A2 WT vectors.
Cells were doubly stained 24 hr later with anti-CD25 (33B3) and HLA-A2 (BB7.2) mAbs (top), or with anti-CD25 and anti-CD4 mAbs (bottom)
and analyzed by flow cytometry. Percentages of high and low HLA-A2 and CD4* cells among CD25* cells are indicated.

(C) Dose-dependent CD4 and MHC | modulation in response to Nef. HeLa-CD4 cells were coelectroporated with 4 g of the A2 WT vector,
4 ng of the CD25 vector, and the indicated amounts of Nef-FT vector. Cells were doubly stained 24 hr later with the anti-CD25 (33B3) and
anti-CD4 (Leu3a) mAbs, the anti-CD25 (IL2R-PE) and anti-MHC | (W6/32) mAbs, or with the anti-CD25 (33B3) and anti-HLA-A2 (BB7.2) mAbs
and then analyzed by flow cytometry. The mean of CD4, HLA-A2, and total MHC | fluorescence in CD25" cells is shown on the ordinate,
where 100% values correspond to the fluorescence level of cells transfected with the control Nef-mock plasmid. Data are means * SD of
three independent experiments.

(D) Western blot analysis. Lysates from cells infected with HIV-1 or from transfected cells (Figures [A] and [C], respectively) were analyzed
with an anti-Nef mAb (MATG 020). Nef-mock: cells were transfected with 12 pg of the Nef-mock plasmid. NT, nontransfected control cells.

Data are representative of three independent experiments.

Signals mediating spontaneous endocytosis have been
localized in the cytoplasmic domain encoded by exon 7
(Vega and Strominger, 1989). Leucine- or tyrosine-based
motifs are not found in this domain.

We reported previously that MHC | proteins are nor-
mally synthetized and transported through the endo-
plasmic reticulum and cis-Golgi apparatus in Nef-express-
ing cells, whereas surface MHC | molecules are targeted
to endosomes and degraded (Schwartz et al., 1996). We
show that Nef acts additionally by misrouting MHC |
to clathrin-coated vesicles budding from the TGN. Nef
binds to pl1 and p2 medium chains of AP complexes
and reveals a cryptic tyrosine-based motif located in
HLA (human leukocyte antigen)-A and -B cytoplasmic
domains. HLA-C molecules do not bear this motif and
are not affected by Nef. Our data suggest that the recog-
nition of this signal by the clathrin-dependent cell-sort-
ing machinery accounts for the addressing of HLA-A

and -B molecules from both the TGN and the plasma
membrane to the endosomal compartments.

Results

Nef-Induced MHC | Down-Regulation

MHC | surface expression levels are reduced in U937
monocytic or CEM lymphoblastoid cells infected with
HIV-1 or stably expressing HIV-1 nef alleles (Schwartz
etal., 1996). To address the molecular basis of the Nef-
mediated MHC | modulation, we designed a transient
transfection assay in HeLa-CD4 cells. We verified that
HIV-1 infection of HeLa-CD4 cells induced the down-
regulation of surface MHC |. Cells were infected with
HIV-1 (multiplicity of infection = 0.2 or 0.8) and doubly
stained 24 hr later with anti-CD4 and anti-MHC | mono-
clonal antibodies (mAbs) (Figure 1A). Flow cytometry
analysis revealed a CD4-low, MHC I-low cell population,
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Figure 2. Modulation of CD4 and MHC | by Nef Proteins from HIV-1, HIV-2, and SIV

HelLa CD4 cells were transfected with 12 pg of the Nef-FT, Nef A01, Nef HIV-2, or Nef SIV vectors (gray curves) or with 12 ug of the Nef-
mock plasmid (black curves), along with 4 png of the CD25 and A2 WT vectors. After 24 hr, surface expression of CD4 (top row), HLA-A2
(middle row), and total MHC | (bottom row) was analyzed in CD25" cells by flow cytometry. Data are representative of three independent

experiments.

the size of which correlated with the viral input (Figure
1A). Therefore, HIV-1 infection of HeLa-CD4 cells in-
duces MHC | down-regulation.

Expression vectors were constructed in which the
HIV-1LAI nef gene (Nef-FT vector), an anti-sense nef
gene (Nef-mock vector), the HLA-A2 cDNA (A2 wild-type
[WT] vector), or the human CD25 cDNA (CD25 vector)
were inserted downstream of the CMV (cytomegalovi-
rus) promoter. HeLa-CD4 cells, which are HLA-A2 nega-
tive, were cotransfected with CD25, A2 WT, and Nef-
mock or Nef-FT vectors. Transfection efficiencies were
in the range of 30%-50% as shown by the analysis of
CD25 surface expression 24 hr post-transfection (Figure
1B). As expected, cotransfection of Nef-FT decreased
CD4 levels, whereas CD25 expression was not affected.
HLA-A2 surface levels were reduced in CD25% cells
transfected with the Nef-FT vector, confirming that Nef
induced a modulation of MHC | in HeLa-CD4 cells. A
similar observation was made in HelLa cells lacking CD4,
indicating that modulation of MHC | was not a result of
that of CD4 (data not shown).

The extent of MHC | modulation was examined for
various levels of Nef expression (Figure 1C). The modu-
lation of HLA-A2 increased with the amount of trans-
fected Nef-FT vector, reaching a 60% reduction with
12 pg of DNA. Staining of the cells with the anti-
HLA-A, -B, -C mAb W6/32, which recognizes both en-
dogenous MHC | and transiently expressed HLA-A2
molecules, showed a similar decrease of MHC | surface
expression. Therefore, both endogenous and transiently
expressed MHC | molecules were affected by Nef. Trans-
fection of 12 pg of CMV vectors expressing either an

inactive (nonmyristoylated) form of Nef or the p-galac-
tosidase (B-gal) protein indicated that the transient over-
expression of a control protein does not affect MHC |
surface levels (data not shown). Western blot analysis
showed that levels of Nef expression were proportional
to the amount of transfected Nef-FT vector (Figure 1D).
In cells transfected with 12 wg of vector DNA, the Nef
signal was equivalent to that detected in HIV-infected
HelLa-CD4 cells. Therefore, the levels of Nef expression
required to mediate MHC | down-regulation in the trans-
fection assay were within the range of those produced
in infected cells. The levels of CD4 surface expression
were also examined for various amounts of Nef-FT (Figure
1C). A maximal 75% decrease was observed with 2 pg
of transfected DNA, indicating that CD4 was more sus-
ceptible than MHC | to the modulation induced by Nef.

Down-Regulation of Cell Surface CD4 and MHC |

by Nef Proteins from Various

Primate Lentiviruses

CMV expression vectors coding for the Nef proteins of
a primary HIV-1 isolate (Nef-A01) (Schwartz et al., 1993),
HIV-2ST (Nef-HIV2), or SIVmac239 (Nef-SIV) (Aiken and
Trono, 1995) were constructed and their effect on MHC
| expression was examined after transfection of HelLa-
CD4 cells. As a control of Nef activity, CD4 surface
expression was analyzed in CD25* cells by flow cytome-
try (Figure 2, top row). As expected, CD4 modulation
was induced by the various Nef molecules. Nef-FT, Nef-
A01, and Nef-HIV2 reduced HLA-A2 surface expression
equally, whereas Nef-SIV was slightly less efficient (Fig-
ure 2, middle row). A similar observation was made by
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staining the cells with the polymorphic anti-HLA mAb
W6/32 (Figure 2, bottom row). Therefore, the modulation
of MHC | molecules is a property shared by different
biologically active Nef isolates from primate lentiviruses.

A Tyrosine-Based Motif Is Required for Nef-Induced

MHC | Down-Regulation

We examined which determinants of MHC | are required
for Nef effect. Mutants of the HLA-A2 HC were con-
structed in which the regions of the cytoplasmic tail
encoded by the exon 6 or 7 of the HLA-A2 gene were
deleted (Figure 3A). Modified genes were introduced in
CMV expression vectors (A2-A6 and A2-A7 vectors).
Flow cytometry analysis of HelLa cells transfected with
the Nef-mock vector revealed equivalent cell surface
expression of WT and deleted HLA-A2 molecules (Figure
3B). Transfection of Nef-FT decreased the cell surface
level of HLA-A2 and A2-A7 but did not affect that of
A2-A6. Therefore, the determinants required for Nef-
induced modulation are located in the cytoplasmic do-
main of HLA-A2 encoded by exon 6.

The polypeptide sequence encoded by exon 6 is
highly conserved between HLA alleles (73%-90% ho-
mology). Tyrosine residue 320 is present in all HLA-A
and -B molecules (Parham et al., 1995). The sequence
YSQA (residues 320-323) is reminiscent of tyrosine-
based motifs that mediate endocytosis and sorting of
a number of surface molecules. We asked whether tyro-
sine 320 of HLA-A2 is important for Nef-induced down-
regulation. This residue was exchanged for an alanine
or a phenylalanine (mutants A2-Y320A and A2-Y320F,
respectively) and a control mutant was constructed
in which adjacent serine 321 and glutamine 322 were
exchanged for alanine and leucine, respectively (A2-
SQ321AL) (Figure 3A). In the absence of Nef, WT and
mutant HLA-A2 molecules were expressed equally at
the cell surface (Figure 3B). Transfection of Nef-FT de-
creased surface level of A2 WT and A2-SQ321AL but
did not affect that of A2-Y320A (Figure 3B) and A2-
Y320F (data not shown). Therefore, the tyrosine 320
residue is necessary for Nef-induced HLA-A2 modula-
tion. It is presumable that in the presence of Nef the
YSQA sequence functions as a tyrosine-based motif
mediating the modulation of MHC | molecules. In vivo,
HLA-A2 molecules are phosphorylated on serine 335,
which is encoded by exon 7, but not on tyrosine 320
(Guild and Strominger, 1984). Consistently, we found
that A2-A7, which does not bear the serine 335 but still

contains tyrosine 320, was not phosphorylated. Coex-
pression of Nef did not induce the phosphorylation of
A2-A7, indicating that Nef action is not mediated by a
phosphorylation of tyrosine 320 (data not shown).

We verified that HLA-B molecules were also modu-
lated by Nef. HelLa cells, which are HLA-B7 negative,
were transfected with a HLA-B7 expression vector and
analyzed as previously with an anti-B7 mAb. Nef induced
the modulation of surface HLA-B7 (not shown). Modula-
tion of HLA-B was confirmed in CEM cells by using the
B1.23.2 mAb, which recognizes HLA-B and C molecules
(Ferrier et al., 1985). A significant decrease of surface
staining was observed in CEM cells stably expressing
different Nef proteins (Schwartz et al., 1993) (data not
shown).

HLA-C Surface Expression Is Not Affected by Nef

HLA-C molecules carry a cysteine at position 320 in-
stead of a tyrosine (Parham et al., 1995) (Figure 3A).
HLA-C molecules are dominant inhibitory ligands pro-
tecting target cells against lysis by natural killer lympho-
cytes (NK) (Brutkiewicz and Welsh, 1995). We examined
whether Nef affects HLA-C surface expression. HeLa
cells were cotransfected with the CD25 and the Nef-FT
or the Nef-mock vectors. Cells were stained with either
the W6/32 polymorphic anti-HLA mAb or with the L31
mAb, which is specific for HLA-C heavy chains (Ciccone
et al., 1995). The surface expression of total MHC | mole-
cules was reduced in the presence of Nef, whereas
HLA-C was expressed equally with or without the viral
protein (Figure 3C). We also constructed a vector encod-
ing a chimeric protein associating the extracellular and
transmembrane domains of HLA-A2 with the cytoplas-
mic tail of HLA-Cw3 (A2-CW3) and observed that A2-
CW3 was not modulated by Nef (Figure 3B). The absence
of a modulation of HLA-C molecules in the presence of
Nef confirms that tyrosine 320 is required for Nef action.

MHC | Molecules Colocalize with Clathrin and AP
Complexes in the Presence of Nef

We examined the subcellular localization of MHC | in
the presence of Nef. Cells were transfected with the
HLA-B7, A2 WT, or A2-Y320A vectors, along with the
Nef-FT or Nef-mock plasmids. The subcellular localiza-
tion of HLA-B7 or -A2 was examined 24 hr later (Figure
4A). An intense cell surface staining and a weak intracel-
lular signal were detected for B7, A2 WT, and A2-Y320A

Figure 3. Susceptibility of HLA-A2 Mutants and HLA-C to Nef-Induced Modulation

(A) Amino acid sequence alignment of the WT (A2 WT), the deletion and substitution mutants of the cytoplasmic domain of HLA-A2, and of
the consensus sequences for HLA-A, -B and -C. Dashes indicate deleted regions and bold letters identify aa substitutions in the single-letter
code. The nomenclature of mutant HLA-A2 proteins is indicated on the left side of the panel. Consensus sequences are from Parham et al.

(1995) and aa numeration is according to Vega and Strominger (1989).

(B) Surface levels of the WT and mutant HLA-A2 molecules in the absence or in the presence of HIV-1 Nef. HelLa cells were electroporated
with 12 g of Nef-FT (gray curves) or Nef-mock vector (black curves), along with 4 pg of the A2 WT or mutant vectors and with 4 g of the
CD25 vector. After 24 hr, surface expression of HLA-A2 was analyzed in CD25* cells by flow cytometry. A2-CW3 is a chimeric protein
associating the extracellular and transmembrane domains of HLA-A2 with the cytoplasmic tail of HLA-Cw3.

(C) Surface levels of total MHC | and of HLA-C molecules in the absence or presence of Nef. HeLa cells were electroporated with 12 g of
Nef-FT (gray curves) or Nef-mock vector (black curves) and 4 g of CD25 vector. After 24 hr, surface expression of total MHC | and of HLA-C
was analyzed in CD25" cells by using the W6/32 and L31 mAbs, respectively. CTRL, cells stained with secondary antibodies, as a negative

control. Data are representative of three experiments.
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(A) HeLa cells were transfected with 12 ng of the Nef-mock (top) or Nef-FT (bottom) plasmid, along with 4 ng of the A2 WT (left), A2 Y320A
(middle), or HLA-B7 (right) vectors. After 24 hr, cells were fixed, permeabilized, and stained with an anti-HLA-A2 (BB7.2) or anti-HLA-B7 mAb
(BB7.1). The localization of HLA-A2 or -B7 was examined by immunofluorescence staining and confocal microscopy analysis. Transfected
cells could be easily distinguished from untransfected cells by the simultaneous expression of HLA-A2 or -B7 and Nef (data not shown).
Series of optical sections at 0.5 mm intervals were recorded. A representative medial section is shown.

(B) Simultaneous detection of Rab6 (a marker of the Golgi) and of HLA-A2 in Nef-expressing cells. Cells were doubly stained with an anti-
HLA-A2 mAb (BB7.2) (green) and with rabbit anti-Rab6 (red) antibodies and analyzed as described in (A). The right column is a superposition
of the two stainings, in which costained regions appear in yellow. Scale bar, 10 pm.

molecules in the absence of Nef. HLA-B7 and -A2 sur-
face stainings were strongly reduced in Nef-expressing
cells. Cytoplasmic dots, located mostly in the perinu-
clear region and also at the margin of the cells, were
observed. In agreement with flow cytometry data, the
surface localization of A2-Y320A was not affected by
Nef (Figure 4A). Nef-expressing cells were then doubly
stained with antibodies against HLA-A2 and Rab6, a

marker of the medial and trans-Golgi (Goud et al., 1990)
(Figure 4B). MHC | and Rab6 stainings overlapped in the
perinuclear region. Few vesicles located at the vicinity of
the Golgi and at the cell periphery contained MHC | but
not Rab6. Therefore, inthe presence of Nef, animportant
fraction of MHC | molecules is located in the Golgi area.

Tyrosine-based motifs located in the cytoplasmic do-
main of membrane proteins mediate clathrin-dependent
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sorting to the endocytic pathway from both the TGN and
the plasma membrane. We examined the subcellular
localization of MHC | concurrently with those of clathrin
or AP complexes. HelLa cells were transfected with the
HLA-B7 vector along with Nef-FT or Nef-mock plasmids
and stained 24 hr later. In control cells, labeling with
anticlathrin antibodies showed typical bright perinuclear
staining and discrete peripheric dots, corresponding to
vesicles budding from the Golgi and the plasma mem-
brane, respectively (Figure 5A) (Robinson, 1987). AP-1
complexes were visualized with anti-y adaptin mAbs. A
punctate perinuclear staining extending to the periphery
was observed (Robinson, 1993) (Figure 5B). Without Nef,
MHC | molecules were found mostly at the cell surface,
with a weak intracellular signal in the Golgi area that
likely corresponded to newly synthesized molecules en-
gaged along the secretory pathway. Very little of MHC
| staining colocalized with that of clathrin or y adaptin.
Nef did not significantly modify the subcellular localiza-
tion of clathrin and y adaptin (Figure 5). In Nef-express-
ing cells, the MHC | signal overlapped with those of
clathrin and vy adaptin, indicating that a significant frac-
tion of MHC | was located in the same area as clathrin-
coated vesicles bearing AP-1 complexes and budding
from the TGN. We previously showed that prior steps
of the transport of neosynthesized MHC | molecules
through the endoplasmic reticulum/cis-Golgi compart-
ments are not affected by Nef (Schwartz et al., 1996).
Several lines of evidence suggest that the perinuclear
localization of HLA-A2 or -B7 is not a consequence of
the accumulation of transiently overexpressed proteins
in the secretory pathway. Cotransfection of HLA-A2 or
-B7 and Nef-mock vectors did not induce the intracellu-
lar accumulation of MHC | (Figures 4 and 5). Moreover, in
Nef-expressing cells mutant A2 Y320A molecules were
localized at the cell surface and were barely detected
in the vicinity of the TGN (Figure 4). Altogether, these
experiments suggest that Nef is responsible for the ac-
cumulation of HLA-A and -B in vesicles budding from
the Golgi and operates on the mechanisms that mediate
the recognition of the tyrosine-based signal of MHC |
by AP complexes.

Nef Binds to pl and p2 Subunits of AP Complexes
Because Nef may influence the recognition of a sorting
signal in MHC | by the medium chains of AP complexes,
we attempted to reveal interactions between AP com-
plexes and Nef and between AP complexes and HLA-
A2. Evidence for the presence of Nef in clathrin-coated
vesicles containing HLA-A2 could not be obtained by
colocalization experiments because of the widespread
presence of Nef in subcellular compartments (data not
shown). Interactions were therefore investigated using
yeast two-hybrid and cell-free assays.

Interaction of Nef with the components of AP-1 and
AP-2 complexes was first examined. Nef proteins from
HIV-1Lai, HIV-2Rod, and SIVmac239 were fused to the
Gal4 DNA binding domain (Gal4BD), and interaction with
hybrids of pl or pn2 with the Gal4 activator domain
(Gal4AD) was assayed. After transformation with the
Gal4BD and Gal4AD hybrids, HF7c and SFY526 yeast
reporter strains were assayed for histidine auxotrophy
and for B-gal expression, respectively. Growth of the

HF7c strainin histidine-free medium indicated transacti-
vation of the HIS3 reporter gene, providing evidence for
interaction between HIV-1LaiNef and w1 hybrids (Figure
6A, lane 1). Similar results were obtained with nef alleles
from HIV-1 primary isolates A0l and EO1 and from the
HXB3 HIV-1 laboratory strain (data not shown). A low
B-gal activity was also revealed in the SFY526 strain
(Figure BA, left). Interaction was not detected between
NefLai and p2 hybrids (Figure 6A, lane 2). In contrast,
Nef proteins from HIV-2Rod and SIVmac239 interacted
with both p1 and p.2 and induced a strong B-gal activity
(Figure 6A, lanes 4 and 5 and lanes 7 and 8, respectively).
Gal4BD-Nef hybrids did not bind to Gal4AD hybrids
formed with the «, vy, B1, and B2 adaptins (data not
shown). Therefore, in the two-hybrid assay Nef binds
specifically to the medium chains and not to other com-
ponents of AP complexes. N- and C-terminal deletion
mutants of Nef were examined for pl binding. Results
shown in Figure 6B indicate that a region encompassing
aa 143-170 of NefLai supports interaction with w1 in the
two-hybrid assay. This region corresponds to a polypep-
tidic loop that is disordered in the crystal structure of
the conserved core of Nef (Lee et al., 1996).

Interaction between Nef and p. chains was confirmed
in cell-free assays. Recombinant HIV-1Laiand SIVmac2-
39Nef fused to glutathione S-transferase (GST) were
produced and immobilized on glutathione (GSH)-aga-
rose beads. In vitro translated and [*S] p1 and p.2 pro-
teins were tested for their capacity to bind immobilized
GST-NefHIV-1Lai, GST-NefSIVmac239, or GST proteins.
Bound labeled proteins were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE) and revealed by
autoradiography. As shown in Figure 6C, [*S]-pn1 and
[®S]-n2 bound to GST-NefHIV-1Lai and GST-NefSIV-
mac239 but not to GST. We also asked whether Nef
could interact with complete cellular AP complexes.
HelLa-CD4 cells were lysed in a buffer preserving the
integrity of AP complexes (Benmerah et al., 1996). Ly-
sates were incubated with purified GST or GST-NefHIV-
1Lai proteins immobilized on GSH-agarose beads. Bound
proteins were analyzed by Western blotting with anti-y
(specific for AP-1) or with anti- B1+p2 adaptin (recogniz-
ing AP-1 and AP-2) mAbs. AP-1 complexes bound to
GST-NefHIV-1Lai but not to GST (Figure 6D) nor to an
irrelevant GST-USF fusion (data not shown). Altogether,
yeast two-hybrid and cell-free binding studies indicate
that Nef proteins from primate lentiviruses are capable
of direct physical interactions with the p1 and p2 sub-
units of AP-1 and AP-2 complexes. Direct interaction of
w1 and p2 with various tyrosine-based signals has been
previously detected by using the two-hybrid system
(Ohno et al., 1995; Boll et al., 1996). We could not detect
interaction between the HLA-A2 cytoplasmic tail and p1
or p2 in the two-hybrid assay (data not shown), sug-
gesting that in the absence of Nef the YSQA motif of
HLA-A2 is recognized poorly or not at all by the medium
chains.

Discussion

This work points out the interaction of Nef with the sort-
ing machinery as a mechanism supporting the down-
regulation of cell surface MHC | molecules. MHC | modu-
lation is induced by the Nef proteins of HIV-1, HIV-2,
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A HLA-B7 clathrin HLA-B7 + clathrin

Nef-mock

Nef-FT

y-adaptin HLA-B7+y-adaptin

Nef-mock

Nef-FT

Figure 5. Localization of MHC | and Clathrin or AP-1 Complexes

Hela cells were electroporated with 12 g of Nef-FT or Nef-mock and with 8 g of the HLA-B7 vectors. After 24 hr, cells were doubly stained
with an anti-HLA-B7 mAb (BB7.1) (green) and, in red, with either rabbit anti-clathrin antibodies (A) or anti-y adaptin mAb (B). Cells were
analyzed by confocal microscopy as described in the figure 4 legend. Scale bar, 10 pm.
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Figure 6. Binding of HIV and SIV Nef to p1 and p2 Subunits of AP Complexes

(A) Interaction of Nef with w1 and p2 in a yeast two-hybrid assay. HF7c and SFY526 yeast strains expressing the indicated pairs of Gal4BD
and Gal4AD hybrid proteins were analyzed for histidine auxotrophy and B-gal activity, respectively. HF7c double transformants were patched
on medium with histidine (left) and then replica-plated on histidine-free medium (middle). SFY526 double transformants were patched on
selective medium and then replica-plated on Whatman filter for detection of 3-gal activity (right). Growth in histidine-free medium and expression
of B-gal indicate interaction between hybrid proteins. Yeast cells expressing the Gal4BD-NefHIV-1Lai (lanes 1-3), -NefHIV-2Rod (lanes 4-6),
or -NefSIVmac239 (lanes 7-9) hybrids were analyzed. SNF1 and SNF4 yeast proteins, which bind to each other efficiently, were used as a
positive control (data not shown). Binding specificity was verified by the absence of interaction between Nef and SNF4 (lanes 3, 6, and 9)
and between SNF1 and p (lanes 10 and 11). Each patch represents an independent transformant.

(B) Mapping of the NefHIV-1Lai domain interacting with p1 in the two-hybrid assay. HF7c and SFY256 strains were cotransformed with Gal4AD-
rl and each of the indicated Gal4BD-Nef mutant (NefA1-NefA6). N- and C- extremities of each Nef deletant are indicated by a number
corresponding to the aa position in the Nef Lai sequence. Double transformants were analyzed for histidine auxotrophy and B-gal activity. +
indicates transactivation of both reporter genes (lacZ and HIS3).

(C) Interaction of GST fusions of HIV-1Lai and SIVmac239 Nef with pl1 and w2 proteins in a cell-free assay. [*S]-n1 (lanes 1-6) and [*®S]-p.2
(lanes 7-12) were synthetized in reticulocyte lysate and incubated with equal amounts of purified GST (lanes 2, 5, 8, and 11), GST-NefHIV-
1Lai (lanes 3 and 9) or GST-NefSIVmac239 (lanes 6 and 12) previously immobilized on GSH-agarose beads. Bound labeled material was
analyzed by SDS-PAGE and autoradiography. One fifth of the input of each in vitro translated product used for the binding assay was run on
lanes 1, 4, 7, and 10.

(D) Binding of NefHIV-1Lai to complete cellular AP complexes. HeLa-CD4 lysates (from 25 X 10° cells) were incubated with equal amounts
of purified GST (lanes 2 and 5) or GST-NefHIV-1Lai (lanes 3 and 6) previously immobilized on GSH-agarose beads. Bound proteins were
resolved by SDS-PAGE and AP-1 association was analyzed by Western blotting with anti-y (top) and anti-B1+p2 (bottom) adaptin mAbs.
Crude lysates (from 10° cells) were also run as a control to detect y and g adaptins (lanes 1 and 4, respectively). Data are representative of
three independent experiments.

and SIV and has been observed in a variety of cell lines molecules accumulate in a perinuclear region that is
(Schwartz et al., 1996), indicating that various HLA-A stained by anti-clathrin, AP-1, and Rab6 antibodies, sug-
and -B molecules are susceptible to Nef activity. Nef gesting that Nef induces the accumulation of MHC | in
binds to the medium chains of AP complexes and re- clathrin-coated vesicles.

veals a cryptic tyrosine-based sorting signal in the cyto- The effect of Nef on HLA-A and -B is reminiscent of
plasmic domain of HLA-A and -B heavy chains. HLA-C the modulation of CD4, which is also induced by the
molecules, which do not bear the sorting signal, are not viral protein. Electron microscopy studies documenting
affected by Nef. Confocal microscopy analysis showed the role of Nef in the formation of clathrin-coated pits

that in the presence of the viral protein, HLA-A and -B and in the recruitment of CD4 in these pits have been
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reported (Foti et al., 1997; Mangasarian et al., 1997).
Modulation of HLA-A and -B was observed in HelLa cells
independently of the expression of CD4. Dose-response
experiments in HeLa-CD4 cells indicated that CD4 mod-
ulation required lower amounts of Nef than the down-
regulation of either exogenous or endogenous HLA-A
and -B. The higher number of MHC | molecules than
CD4 molecules at the surface of HeLa-CD4 cells and
the absence of the p56'* protein, which stabilizes CD4
at the cell surface (Pelchen-Mattews et al., 1993), may
account for this difference.

The synthesis of HLA-A and -B is not affected by Nef,
which reduces the half-life of the molecules at the cell
surface, indicating that endocytosis accounts at least
in part for MHC | modulation (Schwartz et al., 1996).
We show that Nef acts at additional steps of MHC |
sorting pathways. In the presence of Nef, MHC | mole-
cules are located in the Golgi area, from which they are
likely routed to the endosomal pathway and degraded
(Schwartz et al., 1996). These observations, together
with studies on Nef-induced CD4 modulation (Aiken et
al., 1994; Schwartz et al., 1995a; Greenberg et al., 1997;
Mangasarian et al., 1997) and evidence for the associa-
tion of Nef with B-COP, a component of non-clathrin-
coated vesicles (Benichou et al., 1994), indicate that Nef
affects cellular sorting pathways. However, Nefoperates
specifically on CD4 and HLA-A and -B molecules. Other
cell surface markers examined, including the receptors
for EGF, low-density lipoprotein, transferrin, mannose-6
phosphate, and the CD8, CD20, CD25, CD69, and HLA-C
molecules, are not affected by Nef.

Surface MHC | molecules are spontaneously internal-
ized via coated pits in monocytes and T lymphocytes.
This process is slow and involves a limited fraction of
the surface molecules. Acceleration by T cell activation
or by anti-MHC | antibodies has been reported (Vega
and Strominger, 1989; Neefjes et al., 1990; Reid and
Watts, 1990). MHC | molecules do not accumulate in
the cytoplasm and most of them are recycled. Other
endocytic pathways have been described, such as the
antibody-induced internalization of surface MHC | via
caveolae (Stang et al., 1997). By expressing HLA-A2
mutants in HelLa cells, we observed that Nef activity
relies on the cytoplasmic domain encoded by exon 6.
The determinants required for spontaneous endocytosis
of MHC | molecules are encoded by exon 7 (Vega and
Strominger, 1989). Therefore, spontaneous internaliza-
tion and Nef-induced MHC | modulation involve different
mechanisms. A tyrosine residue at position 320, which
is present in HLA-A and -B but not in HLA-C heavy
chains, is necessary for Nef activity. The sequence of
the exon 6-encoded domain (DRKGGSYSQAA) sug-
gests that tyrosine 320 may belong to a tyrosine-based
sorting signal. Although tyrosine 320 is necessary for
Nef activity, we cannot exclude the possibility that other
elements are involved in the modulation.

Tyrosine-based sorting signals interact directly with
the medium chains (nl1 and w2) of clathrin-associated
AP complexes and have been considered ligands for
the sorting machinery (Ohno et al., 1995; Marks et al.,
1997). At least two different AP complexes are involved
in decoding sorting signals at the TGN (AP-1) and at the
plasma membrane (AP-2) (Sandoval and Bakke, 1994).

No direct interaction between pl or 2 subunits and
the cytoplasmic tail of HLA-A2 bearing the YSQA motif
was observed using the two-hybrid system. It is there-
fore likely that AP complexes recognize the HLA-A2
tyrosine-based motif poorly in the absence of Nef. Previ-
ous reports indicate that an alanine instead of a leucine
residue at position Y +3 severly impairs interaction be-
tween tyrosine-based motifs and . subunits (Boll et al.,
1996; Ohno et al., 1996). A likely hypothesis to account
for the effect of Nef is that direct or indirect interactions
of MHC | with AP complexes are mediated by the viral
protein. Our colocalization experiments are consistent
with this hypothesis. In the absence of Nef, HLA-A and
-B molecules are found largely at the cell surface and
colocalize poorly with AP complexes, whereas in the
presence of Nef they accumulate in a region containing
clathrin-coated vesicles budding from the Golgi that
contain AP-1. This does not exclude a stimulation of
the endocytosis of cell surface molecules by Nef. Both
mechanisms have been shown to participate inthe mod-
ulation of CD4 induced by Nef (Greenberg et al., 1997,
Mangasarian et al., 1997).

The action of Nef on the cell-sorting machinery was
evidenced by yeast two-hybrid and cell-free assays,
showing binding of Nef proteins from HIV-1, HIV-2, and
SIV to nl and p2 subunits of AP complexes and not to
«, B, or y adaptins. HIV-1Nef bound weakly to pl1 but
not detectably to w2 in the yeast assay, whereas the
viral protein recognized both pl and n2 in a cell-free
assay. A specific interaction between complete AP-1
complexes from HelLa-CD4 lysates and HIV-1Nef was
also detected. Analysis of deletion mutants indicated
thata region (aa 143-170) corresponding to adisordered
loop in the crystal structure of HIV-1Nef (Lee et al., 1996)
is involved in the interaction with 1. Nef proteins from
HIV-2 and SIV interacted strongly with n1 and p2. Al-
though caution should be taken in extrapolating these
results to in vivo models, it is presumable that HIV-
1Nef acts preferentially on the AP-1 sorting pathway.
Interaction of Nef with n2 indicates that the internaliza-
tion of surface MHC | molecules that have escaped the
incorporation into clathrin-coated vesicles at the TGN
may also be stimulated by the viral protein.

The specific recruitment of HLA-A and -B by the sort-
ing machinery in the presence of Nef may operate in
different ways (Figure 7, model). Conformational or post-
translational changes of the p chains induced by Nef
may facilitate the recognition of the tyrosine-based motif
(Figure 7B). The p1 and p.2 subunits as well as «, 1, and
B2 chains are phosphorylated in vivo. Phosphorylation
influences adaptor—clathrin interactions and could play
a role in controlling coat assembly and disassembly
(Wilde and Brodsky, 1996). Nef may affect the phos-
phorylation of APs and subsequently the recognition of
HLA-A and -B cytoplasmic domains. Alternatively, Nef
could serve as a connector between AP and HLA-A and
-B molecules in a way similar to that proposed for the
modulation of CD4 (Mangasarian et al., 1997). Our failure
to demonstrate direct binding of Nef to HLA-A and -B by
coimmunoprecipitation and by yeast two-hybrid assays
(data not shown) may reflect the low stability of Nef-
MHC | complexes. Interaction between CD4 and Nef
has not been conclusively demonstrated in mammalian
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Figure 7. Models for Nef-Induced MHC | Modulation
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(A) In the absence of Nef, the tyrosine-based motif YSQA of HLA-A and -B cytoplasmic domains is not recognized by the medium chains of
the AP-1 or AP-2 complexes. MHC | molecules are addressed to the cell surface where they are stably expressed.

(B and C) Models for HLA-A and -B modulation induced by Nef. Binding of Nef to medium chains (.1 or pn2) leads to the association of AP
complexes with HLA-A and -B heavy chains. Nef may act by inducing post-translational or conformational modifications of . subunits, allowing
the recognition of the YSQA motif by AP complexes (B) or as a connector between the MHC | cytoplasmic domain and p. subunits (C). Clathrin-
coated vesicles are subsequently formed at the TGN (association with AP-1 complexes) or at the plasma membrane (association with AP-2)

leading to the intracellular accumulation of MHC | molecules.

cells, although binding was observed in cell-free assays,
in insect cells, and in the yeast two-hybrid system (Har-
ris, 1996). It is likely that similar mechanisms are used
by Nef to modulate MHC | and CD4, since both mole-
cules are affected at the same steps of their transport
pathway. Furthermore, dileucine and tyrosine-based
motifs mediate addressing to similar subcellular com-
partments, and it has been reported that a dileucine
motif can also be recognized by AP-1 and AP-2 com-
plexes in cell-free assays (Heilker et al., 1996).

Numerous pathogenic viruses escape detection by
the immune system by down-regulating MHC | surface
expression. Nef-induced MHC | modulation protects in-
fected cells against lysis by specific cytotoxic T lympho-
cytes (Collins et al., 1998). However, modulating MHC |
renders target cells more sensitive to NK lysis (Brutkie-
wicz and Welsh, 1995). HLA-C molecules, in contrast
with HLA-A and -B, are dominant inhibitory ligands pro-
tecting against NK lysis (Colonna et al., 1993) and are
not affected by Nef. One can speculate that, due to Nef
expression, in vivo infected cells display limited recogni-
tion by cytotoxic T lymphocytes without increased lysis
by NK cells. Escaping the immune surveillance by both
cytotoxic T lymphocytes and NK may contribute signifi-
cantly to the pathogenesis of HIV.

Experimental Procedures

Plasmid Construction

MHC | Expression Vectors

The HLA-A2, -B7, and Cw3 vectors were a kind gift from F. Le-
monnier (Institut Pasteur, Paris, France). The HLA-A2 gene was
subcloned in a BS plasmid (Biolabs), yielding pBA2. The HLA-A2
gene has unique sites at the introns located between exons 5 and
6 (Aflll), exons 6 and 7 (Ncol), and exons 7 and 8 (Sphl). HLA-
A2 mutants lacking either exon 6 or 7 (HLA-A2A6 and HLA-A2A7,
respectively) were constructed by using these sites. HLA-A2 WT and
mutant genes were subcloned downstream of the CMV promoter
in pcDNA3 (Invitrogen), yielding A2 WT, A2A6, and A2A7 vectors,

respectively. Immunoprecipitation experiments indicated that A2A6
and A2A7 have an apparent molecular weight consistent with the
deletions (data not shown). Point mutants of HLA-A2 exon 6 were
constructed by polymerase chain reaction (PCR). Subcloning in
pcDNAS yielded A2 Y320A, A2 Y320F, and A2 SQ321AL vectors.
The coding region for the cytoplasmic tail of HLA-Cw3was amplified
by PCR. The corresponding HLA-A2 fragment was then replaced
by Cw3 in A2 WT, yielding A2-CW3 vector. The sequence of HLA-
A2 derivatives was verified by sequencing. The aa numeration is
according to Vega and Strominger (1989).

Nef Expression Vectors

The Nef-FT vector carrying the nef LAl gene is a gift from F. Bache-
lerie (Institut Pasteur) (Bachelerie et al., 1990). The nef gene from
the HIV-1 primary strain AO1 (Schwartz et al., 1993) was cloned in
the same CMV-driven vector, yielding Nef AO1. The control Nef-
mock plasmid carries the nef AO1 gene in an antisense orientation.
CMVNef-HIV-2ST and CMVNefSIVmac239 plasmids were provided
by C. Aiken (Salk Institute, La Jolla, California). The Nef vectors used
in two-hybrid assays were constructed as described for the NefHIV-
1Lai vector (Benichou et al., 1994). The HIV-2Rod and SIVmac239
nef genes were amplified by PCR and inserted in frame with Gal4BD
in the pGBT10 plasmid. The N- and C-terminal deletion mutants
(NefA1-NefA6) of NefLai were constructed by PCR and subcloning
in pGBT10. The GST-NefSIVmac vector was constructed as de-
scribed for GST-NefHIV-1Lai (Bodeus et al., 1995) in the pGEX-4T1
plasmid (Pharmacia).

CD25 Vector

The cDNA of the « chain of the IL-2 receptor cloned in a pCDM8
vector (CD25 vector) is a gift from A. Dautry-Varsat (Institut Pasteur).
pl, n2, and Adaptins Vectors

Plasmids for expression of n1 and p.2, «, vy, B1, and B2 subunits of
AP-1 and AP-2 complexes fused to the Gal4AD in the pACTII vector
were provided by J. S. Bonifacino (National Institutes of Health,
Bethesda, Maryland) (Ohno et al., 1995). For in vitro translation, the
w1 and p2 open reading frames were subcloned downstream of the
T7 promoter, in the pSG-Flag plasmid (a gift from P. Jalinot, Lyon,
France).

Cells, Virus, and Antibodies

HelLa and HelLa-CD4 cells were grown and HIV-1 (NL43 strain) was
produced as described (Schwartz et al., 1995b). The following anti-
bodies were used: anti-CD4 mAb: Leu3a-phycoerythrin (PE), Becton
Dickinson; anti-CD25: 33B3-fluorescein isothiocyanate, Immuno-
tech, and anti-IL2R-PE, Becton Dickinson; and anti-HLA-A, -B, -C
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heavy chain: W6/32-fluorescein isothiocyanate, Sera-Lab. Anti-
HLA-A2 (BB7.2) and anti-HLA-B7 (BB7.1) mAbs provided by F. Le-
monnier (Institut Pasteur) (Ferrier etal., 1985; Schwartz et al., 1996).
The anti-Nef mAb MATG 020 is a gift from Transgene (Strasbourg,
France). The mAb L31 specific for HLA-C free heavy chains (Ciccone
etal., 1995) is a gift from A. Beretta (Hopital St Joseph, Paris, France).
Rabbit anti-clathrin antibody was provided by M. Robinson (Univer-
sity of Cambridge, Cambridge, UK) (Robinson, 1987, 1993) and anti-
Rab6 antibody by B. Goud (Institut Curie, Paris, France) (Goud et
al., 1990). Anti-y (clone 100/3) and anti-B1+p2 adaptins mAb were
from Sigma and Transduction, respectively. Secondary antibodies
were from Southern Biotech and Amersham.

Transfection, HIV-1 Infection, Flow Cytometry,

and Western Blot Analysis

Electroporation, HIV-1 infection, Western blot, and flow cytometry
analysis were performed as described (Schwartz et al., 1995b, 1996).
Staining with the L31 mAb that selectively binds to HLA-C free
chains was performed as described (Ciccone et al., 1995), by treating
cells in an acidic buffer (10% fetal calf serum-RPMI acidified at pH
2.2 by addition of 2 N HCI) to remove ,-microglobulin, thus allowing
exposure of HLA-C epitopes to L31.

Indirect Immunofluorescence Stainings

After electroporation, 2 X 10° HeLa cells were spread on glass
coverslips in 24-well plates and stained for immunofluorescence
24-40 hr later. For MHC |, HLA-A2, Nef, Rab6, clathrin, and mouse
anti-y adaptin stainings, cells were fixed in 3.7% paraformaldehyde—
phosphate-buffered saline. For anti-clathrin stainings (Robinson,
1987, 1993) cells were fixed and permeabilized in methanol for 5
min at —20°C followed by air drying. Cells were stained and analyzed
as described (Schwartz et al., 1996). Confocal microscopy was per-
formed on a Leica TCS4D instrument. Series of optical sections at
0.3-0.7 pm intervals were recorded and mounted using the Adobe
Photoshop software.

Two-Hybrid Assay

The HF7c and SFY526 yeast reporter strains containing the HIS3
and LacZ Gal4-inducible genes, respectively, were cotransformed
as described (Benichou et al., 1994) and plated on selective medium
lacking tryptophan and leucine. HF7c double transformants were
patched on the same media and analyzed for histidine auxotrophy
by replica-plating on selective medium lacking tryptophan, leucine,
and histidine. 5 mM 3-amino-1,2,4-aminotriazole was added to abro-
gate transcriptional background observed with the NefHIV-2Rod
and NefSIVmac239 hybrids. SFY526 double transformants were
patched on selective medium and analyzed for B-gal expression
(Benichou et al., 1994).

Cell-Free Binding Assay

Binding of Nef to p subunits

Bacterially expressed GST-NefHIV-1Lai and GST-NefSIVmac239
proteins were purified and immobilized on GSH-agarose beads (Be-
nichou et al., 1994). [*S] n1 and p2 proteins were prepared from
the pSGFlag-p.1 and -p.2 plasmids using the TNT T7 Coupled Reticu-
locyte Lysate System (Promega) in the presence of [**S]methionine.
[*S]-p1 or -u.2 were incubated overnight at 4°C with 2 ng of GST-
NefHIV-1Lai, GST-NefSIVmac239, or GST immobilized on GSH-aga-
rose beads in phosphate-buffered saline containing 2 mg/ml bovine
serum albumin and 0.05% Tween. Beads were washed three times
with 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, 300 mM NacCl, 10%
glycerol, and 1% Nonidet P-40. Bound labeled proteins were re-
solved by SDS-PAGE and revealed by autoradiography.

Binding of Nef to cellular AP-1 complexes

The 25 X 10° HeLa-CD4 cells were lysed in 50 mM Tris-HCI [pH 8],
5 mM EDTA, 150 mM NaCl, and 1% Triton X-100. Lysates were
incubated overnight at 4°C with 2 pg of GST-NefHIV-1Lai or GST
immobilized on GSH-agarose beads. Beads were washed five times
in lysis buffer. Bound cellular proteins were analyzed by Western
blotting using anti-y and anti-g1+p2 adaptin mAbs.
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