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Nef, an accessory protein of human and simian immunodeficiency viruses, is a critical determinant of
pathogenesis that promotes the progression from infection to AIDS. The pathogenic effects of Nef are in large
part dependent on its ability to downregulate the macrophage and T-cell coreceptor, CD4. It has been proposed
that Nef induces downregulation by linking the cytosolic tail of CD4 to components of the host-cell protein
trafficking machinery. To identify these components, we developed a novel Nef-CD4 downregulation system in
Drosophila melanogaster S2 cells. We found that human immunodeficiency virus type 1 (HIV-1) Nef downregu-
lates human CD4 in S2 cells and that this process is subject to the same sequence requirements as in human
cells. An RNA interference screen targeting protein trafficking genes in S2 cells revealed a requirement for
clathrin and the clathrin-associated, plasma membrane-localized AP2 complex in the downregulation of CD4.
The requirement for AP2 was confirmed in the human cell line HeLa. We also used a yeast three-hybrid system
and glutathione S-transferase pull-down analyses to demonstrate a robust, direct interaction between HIV-1
Nef and AP2. This interaction requires a dileucine motif in Nef that is also essential for downregulation of CD4.
Together, these results support a model in which HIV-1 Nef downregulates CD4 by promoting its accelerated

endocytosis by a clathrin/AP2 pathway.

CD4 is a type I transmembrane glycoprotein that is ex-
pressed on a subset of T lymphocytes and cells of the macro-
phage/monocyte lineage. Expression of CD4 on these cells is
critical to the development and function of the immune system
(9). In addition, CD4 acts as the primary coreceptor for human
immunodeficiency virus type 1 (HIV-1) and HIV-2 and simian
immunodeficiency virus (SIV), which are the etiological agents
of AIDS. Binding of virions to CD4 is the initial step in the
entry of these viruses into the target cells. Over time, infection
leads to the depletion of CD4™ T lymphocytes and the ensuing
collapse of the immune system that is characteristic of AIDS.
Strikingly, the progression from infection to full-blown AIDS is
critically dependent on the viral accessory protein, Nef (33, 45,
50, 72).

Nef is a 27- to 35-kDa myristoylated protein (Fig. 1) that
interferes with various signaling and trafficking pathways in the
host cells, leading to increased viral spread and pathogenesis
(reviewed in references 25 and 66). One of the most extensively
studied effects of Nef on host cells is the downregulation of
CD4 (24, 32). Although it may seem counterintuitive that im-
munodeficiency viruses benefit from downregulating their own
coreceptor, this effect strongly correlates with enhanced viral
pathogenesis (26, 77). This is probably because CD4 down-
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regulation prevents superinfection (53) and promotes virion
release (69), leading to a controlled and productive infection.

The cellular pathways and molecular machinery that Nef
uses to downregulate CD4 have still not been fully elucidated,
despite extensive study. An important and unresolved issue is
the pathway by which CD4 is depleted from the cell surface.
According to one model, Nef facilitates the endocytic removal
of CD4 from the plasma membrane (2, 11, 64). An alternative
model posits that Nef interferes with the transport of newly
synthesized CD4 from the trans-Golgi network (TGN) to the
cell surface (48, 68). In both cases, Nef is also believed to
redirect CD4 from endosomes or the TGN to lysosomes,
where the receptor is degraded (2, 64). Previous reports have
provided evidence for both enhanced endocytosis (64) and
intracellular retention (68) of CD4 upon Nef expression, but it
is not known which of these processes is most important for
CD4 downregulation.

The molecular mechanism used by Nef to modulate CD4
expression is also uncertain. Nef has been proposed to act as a
physical link between the cytosolic tail of CD4 and protein
sorting devices in the host cells (4, 11, 18, 19, 23, 28, 30, 34, 39,
41, 46, 58, 70). Indeed, a site comprising tryptophan and
leucine residues (indicated as WL57,58 in Fig. 1) on a folded
region of Nef interacts with the cytosolic tail of CD4 (30). In
addition, a dileucine-containing sequence (LL164,165 in Fig.
1) within a flexible loop of Nef has been shown to interact with
the clathrin-associated, heterotetrameric adaptor protein (AP)
complexes AP1, AP2, and AP3 (11, 19, 28, 41, 46, 58). AP2 is
involved in internalization from the plasma membrane,
whereas AP1 and AP3 participate in sorting events at the TGN
and/or endosomes, making these complexes logical candidates
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FIG. 1. (A) Surface representation of the three-dimensional struc-
ture of HIV-1 Nef. The representation is a composite assembled from
two reported nuclear magnetic resonance structures (accession codes
1QAS5 and 2NEF) with an additional loop region (residues 159 to 173)
modeled and drawn by using PyMOL (20). Residues that are relevant
to the present study are indicated in red. Residues are numbered
according to the NL4-3 Nef sequence.

to mediate CD4 downregulation by Nef. Both the WL57,58
(28, 49) and LL164,165 (11, 18, 27, 41) sites on Nef are essen-
tial for CD4 downregulation, thus supporting the functional
significance of these interactions and the role of Nef as a
linker. However, different studies have produced conflicting
results regarding which specific AP complexes and AP subunits
interact with Nef (11, 19, 27, 39, 41, 46).

To determine which AP complexes are functionally required
for Nef-induced CD4 downregulation in vivo and to identify
other host cell factors that might be involved in this process, we
undertook an RNA interference (RNAi) approach. This ap-
proach was based on the coexpression of HIV-1 Nef and hu-
man CD4 in Drosophila melanogaster S2 cells, which are highly
amenable to RNAI treatment (1, 21, 57, 62, 78). We found that
Nef was capable of downregulating human CD4 in S2 cells with
the same amino acid sequence requirements as in human T
lymphocytes, demonstrating that the protein trafficking ma-
chinery exploited by Nef is conserved between Drosophila and
humans. RNAi-mediated depletion of 68 different compo-
nents of the trafficking machinery revealed that clathrin and
AP2 were required for the Nef-induced downregulation of
CD4 in S2 cells; in contrast, the depletion of AP1, AP3, or
other clathrin adaptors had no effect. RNAi experiments
with a human cell line confirmed the requirement for AP2.
We also used a yeast three-hybrid (Y3H) system to demon-
strate a robust interaction between HIV-1 Nef and the
aC-02 hemicomplex of AP2. Moreover, glutathione S-trans-
ferase (GST) pull-down analyses showed that HIV-1 Nef
binds directly to recombinant AP2. These interactions are
specifically dependent on the Nef dileucine (LL164,165)
motif, which was previously characterized as essential for
CD4 downregulation. Since AP2 is exclusively localized to
plasma membrane clathrin-coated pits and plasma mem-
brane-derived clathrin-coated vesicles, these results support
a model in which HIV-1 Nef downregulates CD4 by induc-
ing its AP2-mediated capture into clathrin-coated pits, lead-
ing to enhanced CD4 internalization from the cell surface.
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MATERIALS AND METHODS

Cells, antibodies, and other reagents. Drosophila Schneider 2 (S2) cells were
provided by Mary Lilly (Cell Biology and Metabolism Branch, NICHD, NIH,
Bethesda, MD), CD4* Jurkat T cells (JM) were obtained from the NIH AIDS
Research and Reference Reagent Program (Germantown, MD), and HeLa cells
were purchased from the American Type Culture Collection (Manassas, VA).
Mouse monoclonal antibody to human CD4 was purchased from Caltag (Bur-
lingame, CA). Mouse monoclonal antibody to human CD71 (transferrin receptor
[TfR]) was purchased from Sigma (St. Louis, MO). Allophycocyanin-conjugated
and phycoerythrin (PE)-conjugated secondary antibodies to mouse immunoglob-
ulin G (IgG) were purchased from Jackson Immunoresearch (West Grove, PA).
AlexaFluor 594-conjugated secondary antibody to mouse IgG was purchased
from Invitrogen (Carlsbad, CA). Horseradish peroxidase-conjugated secondary
antibodies were purchased from GE Healthcare (Piscataway, NJ). HIV-1 Nef
antiserum was obtained from the NIH AIDS Research and Reference Reagent
Program and was originally deposited by Ronald Swanstrom (76). Blasticidin and
copper (II) sulfate (CuSO,) were obtained from Invitrogen and Sigma, respec-
tively.

Cell culture and transfections. S2 cells were grown in Schneider’s Drosophila
medium (Invitrogen) and passaged every 2 to 3 days; JM cells were grown in
RPMI 1640 medium (Invitrogen) and passaged every 2 to 3 days; HeLa cells
were grown in Dulbecco’s modified Eagle medium (Invitrogen) and passaged
every 3 to 4 days. In each case, the medium was supplemented with 100 U of
penicillin/ml, 0.1 mg of streptomycin/ml, 2 mM L-glutamine, and 10% (vol/vol)
fetal bovine serum (FBS). Stable S2 clones were generated by cotransfection of
linearized pAc.CD4, pMt.NL4-3 Nef, and pCo-BLAST (Invitrogen) in a 4:4:1
ratio; these clones were cultured without antibiotics for 1 week, after which
colonies were selected and maintained in growth medium containing 25 pg of
blasticidin/ml. All transfections of S2 and JM cells were performed by using an
Amaxa Biosystems Nucleofector II (Amaxa, Gaithersburg, MD) with the rec-
ommended reagents. One day after transient transfection, the expression of Nef
was induced in S2 cells by treatment with 0.5 mM CuSO, for 24 h. HeLa cells
were transiently transfected with the indicated plasmids by using Lipofectamine
2000 (Invitrogen) according to the instructions of the manufacturer.

Recombinant DNA constructs. Human CD4 cDNA was amplified by PCR and
inserted into the EcoRI and Sall sites of pAc5.1/V5-His (Invitrogen), an expres-
sion vector that contains the constitutive Drosophila 5C actin promoter, to gen-
erate the Drosophila expression vector pAc.CD4. The same method was used to
subclone the CD4-dileucine mutant (LL413,414AA) cDNA, generating
pAc.CD4 LL413,414AA. Wild-type HIV-1 Nef (NL4-3 variant) was subcloned
into the EcoRI-Xhol sites of pMt/V5-His (Invitrogen) downstream of the Dro-
sophila metallothionein promoter that is responsive to Cu’?* to generate
pMt.NL4-3 Nef. The NL4-3 Nef coding sequence was also subcloned into the
EcoRI-Sall sites of pIRES2-eGFP (Clontech, Mountain View, CA), a plasmid
containing an internal ribosome entry site (IRES) for the coexpression of en-
hanced green fluorescence protein (eGFP) and a gene of interest from the same
bicistronic transcript, producing pNL4-3 Nef.IRES.GFP. The HIV-1 Nef alleles
NA7 (kindly provided by Jacek Skowronski, Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY), DH12-3, and 248 and the STVmac239 Nef allele were
also subcloned into pMt/V5-His and pIRES2-eGFP by using the same restriction
sites. The following mutants were also generated in pMt.NL4-3 Nef and pNL4-3
Nef.IRES.GFP using site-directed mutagenesis: G2A, WL57,58AA, EEEE62-
65AAAA, PP72,75AA, and LL164,165AA. Drosophila cDNAs for the AP sub-
units w1 (CG9388), n2 (CG7057), and p3 (CG3035), as well as Drosophila GGA
(CG3002) were obtained from the Drosophila Genomics Resource Center
(Bloomington, IN). Drosophila clathrin light-chain cDNA (dCLC; CG6948) was
kindly provided by Henry Chang (Purdue University, West Lafayette, IN). Each
Drosophila cDNA was amplified by PCR without a stop codon and inserted into
the EcoRI and Apal sites of pAc5.1/V5-His such that they are expressed with
C-terminal V5 epitope tags. All constructs were verified by nucleotide sequence
analysis.

Generation of templates for the production of dsRNAs. The following oligo-
nucleotides were used to make templates for the double-stranded RNAs (dsSRNAs)
that were not commercially available: CD4, 5'-TAATACGACTCACTATAGGGA
GACCACGGGCGGGTGACATCGTGGTGCTAGCTTTCCAG-3' and 5'-TAA
TACGACTCACTATAGGGAGACCACGGGCGGGTTGGATTCCAGCAGG
ACCTG-3'; dCLC, 5'-TAATACGACTCACTATAGGGAGACCACGGGCGGG
TTTACGGGTGGATCTGCATCAG--3" and 5'-TAATACGACTCACTATAGG
GAGACCACGGGCGGGTAACCAGTCGTCCAGCTCCTTC-3'; dTsgl01, 5'-T
AATACGACTCACTATAGGGAGACCACGGGCGGGTTAGCAACTTTCCA
CCGTATCCCAC-3' and 5'-TAATACGACTCACTATAGGGAGACCACGGG
CGGGTGCATATCAATATGTTCGCGCTC-3'; GFP, 5'-TAATACGACTCACT
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ATAGGGAGACCACGGGCGGGTATGGTGAGCAAGGGCGAGGAG-3' and
5""TAATACGACTCACTATAGGGAGACCACGGGCGGGTGCTCGTCCATGC
CGAGAG-3'; and NL4-3 Nef, 5'-TAATACGACTCACTATAGGGAGACCAC
GGGCGGGTGGGTGGGAGCAGTATCTCGAG-3" and 5'-TAATACGACT
CACTATAGGGAGACCACGGGCGGGTGCAGCTCTCGGGCCACG-3'.

These primers include T7 RNA polymerase initiation sites on both ends of the
gene fragment and were designed according to the method of Foley and
O’Farrell (22). dsDNA fragments of the corresponding genes with flanking T7
sites were generated by using standard PCR techniques using the primer pairs
and a cDNA template. The dTsg101 (erupted) cDNA was kindly provided by Ken
Moberg (Emory University, Atlanta, GA).

RNAI. The Expression Arrest Drosophila RNAI library, a collection of dsDNAs
representing most open reading frames in the Drosophila genome, with flanking
T7 RNA polymerase initiation sites was purchased from Open Biosystems
(Huntsville, AL) and used as templates for the production of dsRNAs. We
selected 68 genes that have been implicated in trafficking processes in animals
and yeasts for use in the present study. In vitro transcription reactions were
carried out with the MEGAscript T7 kit (Ambion, Austin, TX) at 37°C for 16 h,
after which the RNA was purified by agarose gel electrophoresis and quantified
spectrophotometrically. S2 cells were incubated for 1 h in serum-free growth
medium containing 30 ng of dsSRNA per ml. This was followed by the addition of
FBS to a final concentration of 10% (vol/vol) and incubation for 3 days, with
passage of the cells as necessary. On the fourth day, CuSO, was added to a final
concentration of 0.5 mM, and the cells were incubated for another 24 h before
fluorescence-activated cell sorting (FACS) analysis. HeLa cells were transfected
with small interfering RNA (siRNA) duplexes (Dharmacon, Lafayette, CO) as
described previously (61). Briefly, HeLa cells received two rounds of siRNA
transfections for a total of 6 days. On the fifth day, cells were transiently trans-
fected with DNA plasmids using Lipofectamine 2000 (Invitrogen). On day 6, the
siRNA-treated cells were prepared for FACS and immunoblot analysis.

RNA duplexes (siRNAs) used for RNAi in human cells. The following se-
quences were used to generate RNAs specifically targeting human trafficking
genes and were ordered from Dharmacon as 21-nucelotide duplexes with 3’
dTdT overhangs: CHC, 5'-AACCUGCGGUCUGGAGUCAAC-3'; ul, 5'-AAG
GCAUCAAGUAUCGGAAGA-3"; p2, 5'-AAGUGGAUGCCUUUCGGGUC
A-3'; and p3, 5~ AAGGAGAACAGUUCUUGCGGC-3' (54, 61). For control ex-
periments, we used the iCONTROL nontargeting siRNA 1 (Dharmacon).

FACS analysis. S2, JM, and HeLa cells were stained with the appropriate
antibodies and prepared for FACS analysis as previously described (41). For JM
and HeLa cells transfected with pIRES.GFP constructs, GFP fluorescence was
used to identify the transfected cells. In each case, the amount of cell-associated
fluorescence was measured with a FACSCalibur flow cytometer and analyzed by
using CellQuest software (Becton Dickinson, Franklin Lakes, NJ).

Immunofluorescence microscopy. S2 cells were grown on glass coverslips
coated with poly-L-lysine (Sigma). One day after the addition of CuSO,, the cells
were fixed for 15 min with 3.75% (wt/vol) paraformaldehyde in phosphate-
buffered saline (PBS), permeabilized for 10 min with 0.1% (wt/vol) Triton X-100
in PBS, and incubated for 1 h in blocking buffer (PBS plus 4% FBS). This was
followed by incubation with blocking buffer plus monoclonal antibody to CD4
(1:100 dilution). After several washes with PBS, cells were incubated with Alexa-
Fluor 594 secondary antibody, washed again, and mounted on slides. All steps
were performed at room temperature. Cells were imaged on a Zeiss LSM510
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY) with a 63X
Plan Apochromat 1.4 NA objective lens, using the 543- nm line of a HeNe laser.
Emission was collected over the range of 560 to 660 nm with the appropriate
filter sets.

Immunoblotting. Cells were lysed for 20 min at 4°C by using 1% (vol/vol)
Triton X-100 in 300 mM NaCl-50 mM Tris-HCI-5 mM EDTA (pH 7.4) sup-
plemented with a protease inhibitor cocktail (Roche Diagnostics GmbH, Mann-
heim, Germany). The cells were centrifuged at 13,000 rpm for 3 min to remove
insoluble material, and NuPAGE LDS sample buffer (Invitrogen) was added to
the supernatants. After boiling, samples were separated by electrophoresis on
NuPAGE Bis-Tris gels (Invitrogen). The gels were then transferred to nitrocel-
lulose membranes. Membranes were blocked in PBS-T (PBS plus 0.01% [vol/vol]
Tween 20) plus 5% milk (wt/vol) for 1 h. Primary antibodies were added in the
same milk mixture for 1 h or overnight. After three washes with PBS-T, the
membranes were incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h and washed again, and proteins were detected by using ECL Plus
(GE Healthcare).

Yeast three-hybrid assays. Y3H assays were performed as previously described
(41). Wild-type or mutant NL4-3 Nef was expressed as a GAL4BD fusion protein
in the pBridge vector (Clontech) along with either rat 1A or 2. The large AP
subunits (either mouse y1 or rat «C) were expressed as GAL4AD fusion proteins
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in the pGADT7 vector (Clontech) as described previously (41). Resequencing of
the original rat «C cDNA insert (41) revealed the presence of a missense
mutation that changed Ala-131 to Thr. This was reverted back to Ala by site-
directed mutagenesis and verified again by sequencing. The Saccharomyces cer-
evisiae strain HF7c was transformed with pairs of pBridge and pGADT?7 vectors.
Transformants were selected on plates lacking Leu, Trp, and Met. Colony growth
was assayed 3 to 5 days after the transformants were transferred to plates lacking
Leu, Trp, Met, and His.

Recombinant protein expression and purification and pull-down experiments.
The NL4-3 Nef coding sequence was subcloned into the BamHI and EcoRI site
of the pHis-Parallel2 vector (75) and overexpressed as an N-terminal hexahisti-
dine-tagged fusion protein in Escherichia coli BL21(DE3). Nef LL164,165AA
mutant was generated by using the QuikChange site-directed mutagenesis kit
(Stratagene). Bacteria were induced with 0.5 mM IPTG (isopropyl-B-p-thio-
galactopyranoside) and grown at 18°C overnight. Harvested cells were lysed in
Tris-buffered saline (TBS; 50 mM Tris-HCI [pH 8.0], 500 mM NaCl), and the
supernatant was applied to a HisTrap column (GE Healthcare). Protein was
concentrated and applied to a Superdex 200 column (GE Healthcare) in TDN
buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 5 mM dithiothreitol). The four
subunits of AP2 (residues 1 to 621 from rat «C adaptin, residues 1 to 591 from
rat B2 adaptin, residues 1 to 141 from rat p2 adaptin, and residues 1 to 143 from
rat 02 adaptin; hereafter referred to as AP2°°) were coexpressed in E. coli
Rosetta2 (DE3) cells (Novagen, San Diego, CA) from the pST39 vector (35).
Expression was under the control of the T7 promoter, with each gene having its
own ribosome-binding site. The B2 “trunk” was produced as an N-terminal,
hexahistidine fusion and the aC “trunk” was produced as a C-terminal GST
fusion. For AP2, bacteria were grown at 37°C to an optical density at 600 nm of
0.8, the temperature was lowered to 18°C, and expression was induced by the
addition of 0.2 mM IPTG. Protein expression was allowed to continue for 12 h,
the cells were harvested and lysed in TBS, and insoluble material was removed
by centrifugation. The complex was bound to a HisTrap column, extensively
washed with TBS, and eluted with TBS containing 0.25 M imidazole. The
AP2°°"¢ complex was then bound to glutathione-Sepharose (GE Healthcare),
extensively washed, and eluted with TBS containing 10 mM glutathione. AP2°°"®
was finally purified by gel filtration on a Superdex 200 (GE Healthcare) column
in TDN buffer. Recombinant GST was produced from BL21(DE3) cells and
purified using glutathione-Sepharose affinity column followed by a Superdex
S200 (GE Healthcare) gel filtration chromatography in TDN. Pull-down exper-
iments were described previously (47). Briefly, GST-AP2°°" and GST-¢-ear
domain of AP4 were immobilized onto glutathione-Sepharose. Nef (wild-type)
or Nef LL164,165AA (100 mM final concentration) was incubated with the
immobilized GST fusion proteins for 30 min on ice. The beads were subjected to
a 1,000 X g centrifugation step, the supernatant was removed, and the beads
were washed with TBS supplemented with 0.1% (wt/vol) Triton X-100. This step
was performed two additional times, and the beads were resuspended in LDS
sample buffer, boiled, and resolved on a 4 to 12% NuPAGE gel (Invitrogen).

RESULTS

Downregulation of human CD4 by HIV-1 Nef in Drosophila
S2 cells. To identify host cell factors that are required for the
downregulation of CD4 by Nef, we performed an RNAi screen
using the Drosophila phagocytic cell line, S2. This system was
chosen because the efficiency of RNAI and transient-transfec-
tion approaches 100%, RNAI treatment is performed by the
simple addition of dsRNAs to the culture medium, and an
RNAI library targeting most of the genome is commercially
available at a reasonable price. This approach was predicated
on the assumption that HIV-1 Nef would be able to downregu-
late human CD4 in these Drosophila cells. To determine
whether this was the case, S2 cells were transiently cotrans-
fected with a plasmid driving constitutive expression of human
CD4 (pAc.CD4) and another plasmid driving Cu**-inducible
expression of the NL4-3 variant of HIV-1 Nef (pMt.NL4-3
Nef). Immunoblot analysis revealed that both CD4 and Nef
were expressed in the S2 cells; as expected, Nef was apparent
only in cells incubated with Cu®* (Fig. 2A). Importantly, in the
absence of Nef expression, CD4 was detected on the cell sur-
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FIG. 2. Downregulation of human CD4 by HIV-1 Nef in Drosoph-
ila S2 cells. (A) Immunoblot analysis of S2 cells 48 h after transient
transfection with pAc.CD4 and pMt.Nef and 24 h after induction of
Nef expression with CuSO,. Lysates from an untransfected control
(lanes 1 and 4) and doubly transfected cells either without (lanes 2 and
5) or with (lanes 3 and 6) induction were analyzed by immunoblotting
with antibodies to CD4 and Nef. The positions of molecular mass
markers (in kilodaltons) are shown on the left. (B) S2 cells were
transiently transfected with pAc.CD4 and pMt.Nef, incubated without
(shaded gray) or with (bold line) CuSO,, and stained with a mouse
monoclonal antibody to human CD4 and PE-conjugated anti-mouse
IgG. Untransfected cells were also stained as a negative control (dot-
ted line). Cells were analyzed by FACS. The x axis represents CD4
fluorescence on a logarithmic scale, and the y axis represents the number
of cells on a linear scale. (C) Immunofluorescence microscopy of CD4 in
S2 cells. The cells were transiently transfected with pAc.CD4 and pMt.
Nef, incubated for 24 h, and either left untreated (i.e., —Nef) or treated
with CuSO, (ie., +Nef) for another 24 h, fixed, permeabilized, and
stained with mouse monoclonal antibody to human CD4 and AlexaFluor
594-conjugated donkey antibody to mouse IgG. Stained cells were exam-
ined by confocal microscopy. Bar, 5 wm.

face by fluorescence-activated cell sorting (FACS) (Fig. 2B)
and immunofluorescence microscopy (Fig. 2C). Induction of
Nef expression by the addition of Cu®*" led to an ~3-fold
reduction in the surface level of CD4 (Fig. 2B) and its redis-
tribution to intracellular vesicles (Fig. 2C). These effects of Nef
expression on CD4 distribution were similar to those previ-
ously demonstrated in human cells (2, 24, 68).

Determinants of Nef-induced CD4 downregulation in S2
cells. Next, we tested the ability of various Nef alleles to down-
regulate CD4 in Drosophila S2 and human CD4% JM cells.
Despite high sequence variability among different HIV-1 and
SIV clades, the ability to downregulate CD4 in human cells is
a highly conserved feature of Nef proteins (5, 37, 41, 51). We
observed that the HIV-1 Nef variants NA7, DH12-3, and 248,
as well as the SIV Nef variant STVmac239, reduced CD4 sur-
face levels to a similar extent in both S2 and JM cells (Fig. 3).

Further evidence for the suitability of the S2 cell system was
obtained by pairwise comparisons of the activity of various Nef
mutants in S2 and JM T cells (see reference 66 for a recent
review of functional sites on Nef). S2 cells were cotransfected
with pAc.CD4 and pMt.NL4-3 Nef wild-type and mutant plas-
mids (see Materials and Methods). CD4™ JM cells were trans-
fected with pNL4-3 Nef.IRES.GFP plasmids. CD4 surface lev-
els were measured by FACS analysis. For both S2 and JM cells
(Fig. 4), mutation of the myristoylation site (G2), the CD4-bind-
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FIG. 3. Comparison of the downregulation of CD4 by Nef from
various HIV-1 and SIV variants in Drosophila S2 and human JM CD4*
T cells. (A) FACS histograms of Drosophila S2 cells that were doubly
transfected with pAc.CD4 and pMt vectors encoding a variety of
HIV-1 (NL4-3, NA7, DH12-3, and 248) and SIV Nef (mac239) alleles,
incubated without (shaded gray) or with CuSO, (bold line), and
stained with a mouse monoclonal antibody to human CD4 and PE-
conjugated anti-mouse IgG. Uninduced control cells were also stained
with an isotype antibody control and PE anti-mouse IgG (dotted line).
(B) Bar graph depicting levels of cell surface CD4 in Drosophila S2
cells cotransfected with pAc.CD4 and pMt.Nef (various HIV-1 and
SIV alleles) (dark gray) and in human JM CD4™ cells transfected with
pNef.IRES.GFP (various HIV-1 and SIV alleles) (light gray). Induc-
tion of Nef expression and FACS analysis were performed as described
in Materials and Methods. For S2 cells the control represents unin-
duced cells transfected with NL4-3 Nef. For JM cells, the control
represents cells transfected with empty vector, pIRES2-eGFP. In order
to compare between experiments, CD4 surface levels were represented
as a percentage of the control condition. Values are the mean relative
CD#4 surface level percentage * the standard error of the mean (SEM)
from three independent experiments.

ing site (WL57,58), and the dileucine sequence (LL164,165) of
Nef (see Fig. 1) abrogated its ability to downregulate CD4. On
the other hand, mutation of the acidic cluster (EEEE62-65)
and the polyproline motif (P72,75) (see Fig. 1) that are re-
quired for major histocompatibility complex class I (MHC-I)
downregulation (49, 60, 66) had no effect in the ability of Nef
to downregulate CD4 in both S2 and JM cells (Fig. 4). Similar
observations were made by immunofluorescence microscopy
(Fig. 5). We also measured Nef expression by immunoblotting
lysates from the transiently transfected S2 cells. We observed
variable expression of these proteins in the total cell popula-
tion. Nevertheless, consistently lower amounts of expression of
the EEEE62-65AAAA and PP72,75AA mutants were suffi-
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FIG. 4. Determinants of Nef-induced CD4 downregulation in Drosophila S2 and human JM CD4™" T cells. (A) FACS histograms of Drosophila
S2 cells cotransfected with pAc.CD4 (wild-type or LL413,414AA mutant) and pMt.Nef (wild-type or various mutants). FACS analysis of uninduced
(shaded gray), induced (bold line), and background fluorescence (dotted line) was performed as described in the legend to Fig. 2 and in Materials
and Methods. (B) Bar graph depicting levels of cell surface CD4 in Drosophila S2 cells cotransfected with pAc.CD4 and pMt.Nef (wild type or
various mutants) (dark gray) and in human CD4" JM cells transfected with pIRES.Nef.GFP (wild type or mutants) (light gray). In this case the
control represents relative CD4 surface levels in the presence of the empty vector pIRES2-eGFP. Induction of Nef expression and FACS analysis
were performed as described in Materials and Methods. CD4 surface levels were calculated as described in the legend to Fig. 3. Values are the

mean * the SEM from three independent experiments.

cient to drive levels of downregulation that were comparable to
those elicited by higher amounts of wild-type Nef, whereas
similar levels of expression of the G2A and LL164,165AA null
mutants with respect to wild type had no effect on CD4 (data
not shown). This suggests that the expression levels of all of the
constructs were saturating. Another hallmark of CD4 down-
regulation in mammalian systems is the requirement of a
dileucine motif (LL413,414) on the CD4 cytosolic tail (2, 3).
Mutation of this motif to di-alanine in pAc.CD4 also prevented
CD4 downregulation by pMt.NL4-3 Nef in S2 cells (Fig. 4A).

Taken together, these data provided strong evidence that
the downregulation of CD4 in S2 and JM cells by HIV-1 Nef
occurs by the same mechanism and likely involves homologous
host-cell trafficking proteins. S2 cells are therefore a suitable
system for an RNAI screen aimed at identifying host-cell pro-
teins involved in Nef-induced CD4 downregulation.

RNAI screen in S2 cells reveals a requirement for clathrin
and AP2 in the Nef-induced downregulation of CD4. We used
the vectors described above to generate a stable cell line ex-

pressing CD4 constitutively and Nef in a Cu®*-inducible man-
ner. Several clones were assayed by FACS for CD4 surface
levels before and after the induction of Nef expression with
Cu?". Of these clones, the cell line D6 exhibited the most
uniform surface expression of CD4 and consistent, inducible
downregulation by Nef (data not shown; see also Fig. 6 and
Table 1). The ability of RNAI to reduce protein expression
levels in the D6 cells was tested by the addition of dsRNAs
targeted against CD4 and Nef (Fig. 6A). Compared to a neg-
ative control targeting GFP, the dsRNA directed to CD4
knocked down surface levels of this protein by ~85% (see
Table 1), as measured by FACS (Fig. 6A). In addition, treat-
ment of D6 cells with dsRNA to Nef completely abolished the
Cu?*-induced downregulation of CD4 (Fig. 6A), demonstrat-
ing that Nef expression had been effectively eliminated. The
nearly complete elimination of surface CD4 expression and
Nef function by the control dsRNAs was taken as a general
indicator for the effectiveness of RNAI treatment in this sys-
tem. Moreover, several V5-epitope-tagged Drosophila proteins
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FIG. 5. Immunofluorescence microscopy of CD4 in S2 cells. Cells were transiently transfected with pAc.CD4 and pMt.NL4-3 Nef (wild type
or the indicated mutant), incubated for 24 h, and left untreated (C, E, G, I, and K) or treated with CuSO, (D, F, H, J, and L) for another 24 h,
fixed, permeabilized, and stained with mouse monoclonal antibody to human CD4 and AlexaFluor 594-conjugated donkey antibody to mouse IgG.
Untransfected cells treated in a similar fashion (A and B) were also stained as a control for antibody specificity. Stained cells were examined by

confocal microscopy. Bar, 10 pm.

were targeted for RNAi knockdown in transiently transfected
S2 cells and subjected to immunoblot analysis (Fig. 6C). We
observed that, upon treatment with gene-specific dsRNAs,
there was a marked reduction in the expression of all of these
proteins relative to treatment with a nonspecific dsSRNA (Fig.
6C). We did not measure endogenous protein levels in the cells
from the RNAI screening due to the lack of available antibod-
ies for most targets.

A total of 68 components of the protein trafficking machin-
ery were screened for their contribution to the Nef-induced
downregulation of CD4 in D6 S2 cells (Table 1). The list of
targets included clathrin and various clathrin-associated pro-
teins, non-clathrin coat proteins, components of the multive-
sicular body (MVB) and endosomal recycling machineries, ac-
tin-associated proteins, phosphoinositide metabolism enzymes,
components of the ubiquitin-modification machinery, and mis-
cellaneous others. For each protein tested in the screen, D6
cells were treated with a specific dSRNA, incubated for 3 days,
and then split into two parallel cultures. One culture was left
uninduced, while the other was induced by the addition of
Cu?™ for 24 h. The CD4 surface levels of both uninduced and
induced cells were measured by FACS. The entire screen was
conducted in duplicate, and most targets were tested addi-
tional times for confirmation.

The results of the RNAI screen are shown in Fig. 6B (his-
tograms for selected targets) and Fig. 7 (scatter plot of all of
the data), and summarized in Table 1. Most RNAI treatments,
including the nontargeting negative control, fall along a single

regression line with a slope of 0.45 on the scatter plot (Fig. 7),
indicating that these dsSRNAs had no effect on the ability of
Nef to downregulate CD4. This slope corresponds to an aver-
age downregulation of 2.2-fold for the entire data set, roughly
equivalent to the observed value of ~2-fold in untreated cells.
Because in most cases we do not know if these RNAI treat-
ments caused effective elimination of the target proteins, we
cannot rule out an involvement of all of the targets that tested
negative in this screen. In addition, some targets that produced
small effects were difficult to replicate beyond the initial screen
due to mild toxicity (see Table 1). A few dsRNAs, however,
produced reliable outliers, evidence that they interfered with
the ability of Nef to modulate CD4 expression (Fig. 6B and 7
and Table 1). These included dsRNAs targeting the clathrin
heavy chain (CHC), the clathrin light chain (CLC), the p2
subunit of AP2, and o-COP (Fig. 6B and 7). We also observed
a mild inhibition in cells treated with a dsRNA targeting
Vps41, but the relatively large variation between experimental
replicates precluded the assignment of this target as a true hit.

The CHC dsRNA displayed the strongest inhibition of Nef
function and was nearly as effective as the dsSRNA that targeted
Nef itself (Fig. 6B and 7). A dsRNA targeting CLC had a
weaker, but reproducible effect on Nef function (Fig. 6B and
7). These findings are consistent with models of Nef-induced
CD4 downregulation that invoke a role of clathrin-dependent
trafficking intermediaries. Nevertheless, a requirement for
clathrin in the Nef-induced downregulation of CD4 had not
been directly demonstrated prior to this study. A dsRNA tar-
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FIG. 6. Effect of selected RNAI treatments on Nef-induced CD4 downregulation in stably transfected S2 cells. (A) CD4 expression profiles of
S2 cells stably expressing CD4 and Nef, after treatment with dsSRNAs targeting GFP (nontargeting control), CD4 (no CD4 expression control),
and Nef (no downregulation control). (B) CD4 expression profiles of S2 cells stably expressing CD4 and Nef, after treatment with dsRNAs
targeting the clathrin subunits CHC and CLC; a-COP; AP complex subunits p1, n2, and pn3; and GGA. In each case, a portion of the S2 cells
treated with dsRNAs were induced with CuSO, for 24 h, whereas the remainder were left untreated. CD4 surface expression was measured by
FACS as described in the legend to Fig. 2 and in Materials and Methods, with the exception that an isotype control antibody was used to stain
the cells as a negative antibody control. (C) Immunoblot analysis of lysates from S2 cells transiently transfected with V5-epitope-tagged Drosophila
genes (pl, p2, n3, GGA, and CLC). After transfection, each group of cells was seeded into two culture wells and received dsRNA targeting either
GFP (negative control; lanes 1, 3, 5, 7, and 9) or the specific transgene (lanes 2, 4, 6, 8, and 10). Lysates were subjected to SDS-PAGE and probed
with anti-V5 monoclonal antibody. The positions of molecular mass markers (in kilodaltons) are shown on the left.

geting the w2 subunit of AP2 reduced Nef activity by roughly
half in this system (Fig. 6B and 7). dsSRNAs targeting the -y and
w1 subunits of AP1 and the & and p.3 subunits of AP3, either
alone (Fig. 6B and Table 1) or in combinations (data not
shown), had no effect on CD4 downregulation. Because AP1
and AP3 have been proposed to act as mediators of CD4
downregulation (11, 19, 41, 68), we directly tested the efficacy
of the p1 and p3 dsRNAs on protein expression. Immunoblot
analysis clearly indicated a strong reduction of protein levels
(Fig. 6C), supporting the conclusion that neither AP1 nor AP3
are required for Nef-mediated CD4 downregulation in S2 cells.
Drosophila does not have orthologs of the subunits of a fourth,
non-clathrin-associated AP complex found in human cells,
AP4 (7), so this complex can be definitively ruled out as a
required mediator of Nef effects on CD4.

The effect of Nef on CD4 was also inhibited by treatment of
the D6 cells with dsRNA against a-COP (Fig. 6B and 7). This
effect was somewhat unusual in that higher levels of CD4 were
found on the cell surface regardless of Nef induction. a-COP is
a subunit of the heteroheptameric COP-I complex that is pri-

marily involved in endoplasmic reticulum and Golgi transport
processes (for a review, see reference 44), although a role for
COP-I in endosomal traffic has also been proposed (31, 80). In
this regard, Nef has been previously shown to interact with the
B-COP subunit of COP-I (4), but the functional significance of
this interaction remains a matter of debate (40, 59).

AP2 requirement for Nef-induced CD4 downregulation in
human cells. We next assessed the requirement for clathrin
and the different AP complexes in the human cell line HeLa.
RNAI treatment reduced the expression of wlA, p2, and p3A
compared to treatment with nonspecific RNAi (Fig. 8A).
RNAI against p2 increased surface levels of TfR and RNAIi
against p3A increased surface levels of LAMP1 as determined
by FACS (Fig. 8B), indicators of impaired AP2 and AP3 func-
tion, respectively (38, 55). We then measured surface levels of
CD#4 in the RNAi-treated HeLa cells upon expression of wild-
type NL4-3 Nef or the Nef-null mutant LL164,165AA. As
shown in Fig. 8C, nontargeting RNAi-treated cells had robust
downregulation, whereas cells depleted of p2 showed de-
creased downregulation. It should be noted that, in both S2
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TABLE 1. Raw data from the Nef-CD4 S2 RNAi screen”
Control target gene or CG no No. of Mean surface rfu + SEM” Fold

human orthologue : trials CD4 CD4 plus Nef downregulation®

Control target gene
GFP 10 54.84 + 371 2633 £ 1.92 2.08
CD4 7 8.78 = 1.10 5.28 £0.69 1.66
NLA4-3 Nef 5 55.62 + 4.65 55.10 = 2.21 1.01

Human ortholog
Intersectin 1099 4 65.48 + 4.31 29.08 £ 5.75 2.25
Auxilin/GAK 1107 4 63.12 = 2.62 26.79 + 3.43 2.36
Ykt6 1515 2 93.20 = 11.87 34.36 = 0.99 2.71
CVAKI104 1951 3 59.11 = 3.86 24.04 =421 2.46
CALM/AP180 2520 5 70.98 = 4.04 25.16 = 7.55 2.82
PI4K II « 2929 4 5837 + 241 20.50 * 2.35 2.85
GGA 3002 5 60.08 = 1.87 26.63 = 4.97 2.26
AP3 n3 3035 3 61.05 = 3.06 26.13 £ 3.72 2.34
B-TrCP 3412 3 67.80 = 7.28 28.08 + 3.51 2.41
TOM1 3529 3 62.18 = 2.05 2527 £ 3.11 2.46
Cortactin 3637 4 53.17 £ 3.23 28.70 = 4.60 1.85
Numb 3779 3 64.39 = 6.52 20.16 = 291 3.19
Syx5¢ 4214 2 67.95 = 1.70 44.69 = 5.08 1.52
AP2 o 4260 4 70.24 = 7.95 25.54 = 1.87 2.75
EEA1 5020 2 68.32 = 5.97 23.82 £ 6.76 2.87
Sec6 5341 5 73.75 + 1.85 30.37 = 2.38 2.43
PI3K Vps34 5373 3 69.02 = 7.64 22.89 = 3.10 3.02
Rab7 5915 4 70.40 = 3.17 27.12 = 2.88 2.60
EHD1 6148 4 69.59 + 4.17 30.41 = 3.19 2.29
Snx3 6359 3 55.46 = 7.95 19.89 = 5.95 2.79
Cog8 6488 3 68.54 = 3.01 27.75 £5.99 2.47
STAM1 6521 3 55.36 = 4.37 23.19 = 3.84 2.39
Synaptojanin 6562 4 67.02 = 1.75 33.52 £ 4.24 2.00
Clathrin light chain 6948 4 87.90 = 6.10 53.82 = 8.48 1.63
Cbl 7037 3 65.00 * 14.46 22.07 £ 1.70 2.95
AP2 p2 7057 4 77.53 £ 9.14 5243 = 7.01 1.48
GMX-33 7085 3 81.10 = 8.33 3491 £9.28 232
Vps39 7146 3 59.18 = 3.56 26.62 * 2.68 222
Arp3 7558 3 57.90 = 3.55 33.12 £ 6.05 1.75
BIG 7578 4 79.55 = 8.02 37.45 = 1.50 2.12
a-COP 7961 4 130.12 = 17.20 90.48 = 8.72 1.44
Arf6 8156 4 63.82 + 6.28 28.46 * 8.68 2.24
Snx6 8282 3 48.77 + 3.55 14.90 = 1.15 3.27
Rab8 8287 3 60.87 = 5.32 25.21 = 2.40 241
Arfl 8385 3 73.78 = 4.43 29.51 £ 3.35 2.50
GBF1 8487 2 60.42 = 1.67 36.60 = 7.87 1.65
Rabenosyn-5 8506 3 59.38 + 3.86 26.10 = 3.29 2.27
Epsin 8532 3 63.78 = 4.24 26.71 = 0.51 2.39
Amphiphysin 8604 3 63.82 £ 5.42 30.13 £ 6.63 2.12
Hsc70 8937 2 76.43 + 2.45 2297 £ 132 333
Clathrin heavy 9012 3 93.28 + 6.17 92.80 £ 5.57 1.01
chain
AP1 v 9113 2 75.58 = 4.60 28.47 £ 5.87 2.65
Rabex-5 9139 4 67.11 = 6.37 24.80 = 3.98 2.71
AP1 pl 9388 4 67.39 = 2.40 29.52 £ 5.60 2.28
Rab35 9575 3 76.33 = 3.97 38.16 = 4.57 2.00
Dab 9695 3 68.73 + 7.44 27.75 £ 4.37 2.48
TSG101 9712 4 109.87 = 9.74 34.28 = 4.87 3.20
Arp2 9901 3 63.93 + 6.14 28.82 + 2.65 222
Rab9 9994 3 61.49 = 1.81 23.45 + 231 2.62
Vps8 10144 3 68.46 = 1.17 27.74 £ 2.42 2.47
Pak1/2 10295 3 64.77 = 6.90 2487 £ 2.17 2.60
AAK1 10637 3 61.26 + 1.45 2245 £ 3.77 2.73
HIP1 10971 2 65.53 = 6.55 26.60 = 0.76 2.46
AP3 % 10986 3 69.80 + 2.31 24.06 = 1.34 2.90
ARH 11804 2 72.08 = 7.39 26.55 = 3.64 2.72
Lyst 11814 3 66.18 = 6.19 26.98 + 3.42 2.45
Stonin 12473 2 72.11 = 12.54 16.87 = 0.14 4.27
ALIX 12876 3 68.57 = 5.86 32.56 £3.79 2.11
Endophilin 14296 2 78.68 = 3.29 27.76 = 8.17 2.83

Continued on facing page
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TABLE 1—Continued

Control target gene or CG no No. of Mean surface rfu + SEM” Fold
human orthologue : trials CD4 CD4 plus Nef downregulation®
USP2 14619 3 63.62 = 4.15 26.98 = 6.20 2.36
Vps25 14750 2 80.96 = 20.57 19.81 = 0.82 4.09
Vps26 14804 3 68.03 = 11.48 30.67 + 4.35 222
Eps15 16932 2 82.77 + 16.30 21.80 = 0.07 3.80
Rab10 17060 4 69.12 = 4.94 32.97 = 7.53 2.10
Rab21 17515 2 74.66 + 15.15 21.97 = 3.29 3.40
Vps41¢ 18028 3 70.99 = 10.22 46.38 + 10.27 1.53
Dynamin 18102 4 69.33 = 7.19 26.81 = 4.27 2.59
Rabip4 31064 5 66.84 = 3.07 29.22 £ 691 2.29

“ Drosophila RNAI targets are listed with the CG number in the second column, with the corresponding human ortholog(s) listed in the first column. Data represent
the average CD4 surface level before and after the induction of Nef expression in relative fluorescence units (rfu).
® The standard errors of the mean for RNAi experiments with n = 2 are not considered statistically significant but were used to judge the likelihood of reproducibility

of subsequent experiments.

¢ By definition, a fold downregulation of 1.00 is equal to no effect, i.e., the CD4 levels are not affected by Nef induction. RNAi against Nef provides a positive control
and approaches total inhibition of downregulation (1.01-fold), as does RNAi targeting CHC.

@ This treatment resulted in mildly toxic effects and was therefore not considered as a positive hit for the RNAI screen.

¢ The standard error of the mean for Vps41 is large compared to the mean values for CD4 levels = Nef and was not considered reproducible.

and HelLa cells, depletion of w2 was only partially effective in
blocking the effects of Nef on CD4. This may represent the
residual effect of low levels of AP2 in the RNAI-treated cells or
the activity of a partially redundant pathway. We are unable
distinguish between these two possibilities at present. In agree-
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FIG. 7. Results of the RNAI screen of 68 components of the pro-
tein trafficking machinery for their involvement in Nef-induced CD4
downregulation in S2 cells. Mean * the SEM (n = 2 to 10) CD4 levels
of cells treated with dsRNAs targeting 68 candidate and control genes
(see Table 1), represented on an x-y plot. Each datum point represents
surface CD4 levels, as measured by FACS, for cells treated with a
particular dsSRNA. The position on the x axis indicates the amount of
CD4 on the cell surface without induction, while the position on the y
axis indicates the amount of CD4 on the cell surface upon induction of
Nef expression, in relative fluorescence units (rfu). According to this
rubric, datum points that have the same amount of CD4 expression
without or with induction of Nef expression indicate dsRNAs that
completely inhibited the ability of Nef to downregulate CD4. A least-
squares fit regression line (solid black line) for the entire data set with
a 95% confidence interval (broken lines) and the line y = x (gray line)
indicating the position of no downregulation have been added to the
plot.

ment with a previous study (67), we did not observe a require-
ment for either p1A or n3A (Fig. 8C). We attempted to per-
form these experiments in cells depleted of CHC but were
unable to obtain reproducible results because these cells
proved refractory to transient transfection after RNAI treat-
ment.

Physical interaction of Nef with AP2 demonstrated in a
yeast thee-hybrid system. The RNAI screen pointed to AP2 as
a likely mediator of Nef effects on CD4. However, there was
little evidence in the literature for a direct interaction of Nef
with AP2. We had previously reported interactions of Nef with
the y-o1 and §-03 hemicomplexes of AP1 and AP3, respec-
tively, using a Y3H system (41). However, we had failed to
detect interactions of Nef with the analogous aC-02 hemicom-
plex (41). We recently became aware that the «C subunit clone
that was used for the Y3H analyses had a single missense
mutation that resulted in a substitution of alanine to threonine
at codon 131. This mutation placed a hydrophilic side chain
within the hydrophobic core of the a subunit “trunk” domain
(see reference 16), with potentially deleterious effects on pro-
tein structure. We reverted this mutation to code for alanine
and repeated the Y3H analyses. We then observed that Nef
was able to interact with the wild-type aC-02 hemicomplex
(Fig. 9). To ascertain the functional relevance of this interac-
tion, we tested the sequence requirements by mutating resi-
dues that are contained within the dileucine motif of Nef. This
motif has the sequence ENTSLL (residues 160 to 165) and fits
the canonical motif [DE]XXXL[LI] that binds to AP complexes
(8). We found that mutation of either L164 or LL164,165
abrogated interaction with aC-02 (Fig. 9). Mutation of E160
exhibited a partial loss of binding activity, whereas mutation of
either T162 or S163 to alanine had no effect (see Fig. 9; the loss
of binding activity of the E160A mutant is more apparent in
the presence of 3-aminotriazole). Mutation of the WL57,58,
EEEEG62-65, or PxxP72-75 functional sites on Nef (Fig. 1),
which are not required for CD4 downregulation (Fig. 4 and 5)
(49, 60, 66, 71), also had no effect on the interaction of Nef
with aC-02 (Fig. 9). These results indicated that Nef binding to
the aC-02 hemicomplex is specifically dependent on the Nef
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FIG. 8. Analysis of AP2 knockdown in human cells. HeLa cells were treated with either nontargeting or specific RNAi oligonucleotide duplexes
targeting wl1A, p2, or p3A as described in Materials and Methods. After 6 days of treatment, the cells were transfected with expression vectors
for CD4 and either pNL4-3 Nef.IRES.GFP (wild-type) or the inactive LL164,165AA mutant. (A) Immunoblotting of RNAi-treated HeLa cell
lysates using rabbit antisera to human p1A, p2, or p3A. Two nonspecific bands on the p2 blot are indicated by asterisks. The specific band migrates
at ~50 kDa and is drastically reduced in the RNAi-treated cells. (B) Surface TfR or LAMP1 were measured by FACS as a functional indicator
of impaired AP2 or AP3 function, respectively. The w2 RNAi-treated cells exhibit a strong increase in TfR, a finding consistent with a decrease
in AP2-dependent endocytosis. The increase in surface LAMP1 in the n3 RNAi-treated cells is indicative of improper AP3-dependent intracellular
sorting. (C) Dependence of Nef-mediated CD4 downregulation on AP2. HeLa cells transfected as described above and processed for FACS in
order to detect CD4 surface levels; in each case GFP fluorescence was used as a marker for cells that had been transfected with the Nef expression
vector. Histograms for cells transfected with NefLL164,165AA (shaded gray), wild-type Nef (bold line), and an isotype control (dotted line) are
presented. Nontargeting, w1A, and p3A RNAi-treated cells exhibit a decrease in surface CD4 in the presence of Nef. In the n2 RNAi-treated cells

this decrease is less marked.

ENTSLL motif in a manner that parallels the requirements for
Nef downregulation of CD4 in cells (Fig. 4) (11, 27, 41). It is
worth noting that the interaction of Nef with aC-02 reported
here is much stronger than that previously shown with p.2 (19;
see also reference 41).

Direct interaction of Nef and AP2 in vitro. We next decided
to test whether recombinant forms of Nef and AP2 interact in
vitro. Honing et al. (36) previously showed that dileucine mo-
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FIG. 9. Yeast three-hybrid analysis of Nef-AP2 interactions.
GAL4BD-Nef and the o1 or ¢2 subunits of AP1 and AP2, respectively,
were expressed from pBridge; y1 and aC were expressed as fusions
with GAL4AAD from pGADT?7. Yeast strains coexpressing Nef (wild-
type NL4-3 variant or selected mutants) with either y1-o1 or aC-02
hemicomplexes were inoculated on agar plates made with medium
with (+) or without (—) histidine (His) and in the absence or presence
of 3 mM 3-aminotriazole (3AT). Growth indicates the occurrence of
interactions.

tifs from the phosphorylated tail of CD4, LIMP-II, and tyrosi-
nase bound in vitro to a recombinant “core” AP2 complex
comprising the N-terminal “trunk” domains of « and B2, plus
the full-length p2 and o2 subunits. In addition, these authors
showed that the dileucine-binding site was not contained
within the C-terminal domain of p2 (36). We therefore pro-
duced a similar AP2 core construct (denoted AP2°°"), with an
additional deletion of the p2 C-terminal domain. The aC trunk
domain was expressed as a GST fusion protein in order to
perform a pull-down assay. Using this assay, we observed that
wild-type Nef, but not the LL164,165AA Nef mutant, bound to
GST-AP2°°¢, as determined by Coomassie blue staining (Fig.
10A) and immunoblot analysis (Fig. 10B). In contrast, neither
Nef construct interacted with GST-¢ fusion protein used as a
negative control (Fig. 10). These observations thus demon-
strated a direct and specific interaction of Nef, through its
dileucine motif, with the fully assembled AP2°°™ complex.

DISCUSSION

Recent studies have begun to exploit the ease and efficiency
of RNAI screens in Drosophila S2 cells to identify host cell
factors that are required for infection by human pathogens
such as bacteria and fungi (1, 21, 57, 62, 78). We have now used
this model system to investigate the molecular machinery in-
volved in an aspect of viral pathogenesis: the mechanism by
which primate immunodeficiency viruses downregulate their
own coreceptor, CD4. An RNAI screen of 68 components of
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FIG. 10. Direct interaction of Nef and AP2 detected in vitro. Pu-
rified recombinant proteins were prepared as described in Materials
and Methods, subjected to a GST pull-down assay and SDS-PAGE,
and stained with Coomassie blue (A) and immunoblotted with Nef
antibody (B). Recombinant proteins were run individually in lane 1
(Nef LL164,165AA), lane 2 (wild-type NL4-3 Nef), lane 3 (GST-
AP2°¢), and lane 4 (GST-e-ear). Recombinant Nef proteins were
incubated with GST-g-ear (lanes 5 and 6) (control) or with GST-
AP2¢°"¢ (lanes 7 and 8). Wild-type Nef is visible as a 27-kDa band in
lane 8 in both panels A and B. This experiment is representative of
three experiments with similar results. Molecular mass markers are
visible on the left side of the Coomassie blue-stained gel. The masses
in kilodaltons are indicated.

the protein trafficking machinery in S2 cells showed that CD4
downregulation by the HIV-1 Nef protein requires clathrin and
the heterotetrameric AP2 complex, which are components of
protein coats involved in rapid endocytosis from the plasma
membrane in the host cells. The requirement for AP2 was
confirmed in human HeLa cells. In contrast, other heterotet-
rameric (i.e., AP1 and AP3) and monomeric (i.e., GGA, Epsin,
Dab, ARH, and Stonin) clathrin adaptors appear to be dis-
pensable for CD4 downregulation (see Table 1). In addition,
we used a Y3H system to demonstrate a specific interaction of
Nef with a combination of the «C and o2 subunits of AP2.
Finally, a GST pull-down assay showed a direct and specific
interaction of Nef with the heterotetrameric AP2°°" complex
in vitro. Both the function and the interaction of Nef in these
assays exhibited the same dependence on a dileucine sequence
in Nef that was previously identified as being critical for CD4
downregulation (11, 27) and enhancement of viral infectivity
(18). Our observations thus support a model in which Nef links
the cytosolic tail of CD4 to clathrin-AP2 coats at the plasma
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membrane, leading to its endocytic removal from the cell
surface.

Role of clathrin and AP2 in Nef-induced CD4 downregula-
tion. As the major devices for protein sorting at different stages
of the endocytic and secretory pathways, clathrin-AP coats
were long suspected to play roles in CD4 downregulation by
Nef (11, 18, 19, 23, 28, 39, 41, 46, 58). This hypothesis was
affirmed by the discovery that downregulation is strictly depen-
dent on a Nef dileucine sequence (11, 27) that fits the
[DE]XXXL[LI] consensus motif for signals that mediate clath-
rin-dependent sorting events and interaction with clathrin-as-
sociated AP complexes (8). Much work has been done to
elucidate the exact role of clathrin and the various AP com-
plexes in the downregulation of CD4. However, the evidence
has thus far been largely indirect, and different studies have
produced conflicting results.

Nef was shown localize to clathrin-AP2-coated pits at the
plasma membrane and to promote the recruitment of CD4 to
such pits (12, 23, 28). This is consistent with the finding that
Nef accelerates CD4 internalization from the cell surface (2,
64). These observations led to the testing for an involvement of
AP2 in downregulation. Expression of an AP2-n.2 subunit con-
struct rendered incapable of binding YXX@-type endocytic
signals by mutation of aspartate-176 to alanine (55) was found
to block the HIV-1 Nef-dependent redistribution of CD4 to
endosomes in HeLa cells (6). This finding is puzzling, however,
because neither HIV-1 Nef nor CD4 have YXX@-type signals;
instead, downregulation depends on dileucine-containing se-
quences in both Nef and CD4 (2, 11, 15, 23, 27). Since YXXO
and dileucine signals most likely have different binding sites on
AP2 (36, 41, 52, 56, 63), it is unclear how such a mutant could
have a “dominant-negative” effect on CD4 downregulation by
Nef. Subsequent experiments showed that depletion of w2 by
RNAI caused only a slight inhibition of Nef-mediated CD4
downregulation in HeLa cells and in T cells (42, 68). More
complete inhibition required overexpression of a dominant-
negative mutant of Epsl15, a regulator of endocytosis, in con-
junction with RNAi-mediated w2 depletion in T cells (42).
Attempts to demonstrate a clear physical connection between
Nef and AP2 have similarly yielded conflicting results. Yeast
two-hybrid (Y2H) assays have been used to detect a very weak
interaction of HIV-1 Nef with p2 (19), whereas an interaction
with the AP2 B2 subunit was observed by using a chemical
cross-linking approach (27). Thus, the role of AP2 in down-
regulation remained unclear from all of this work. Our findings
that RNAi-mediated depletion of either clathrin or AP2 results
in profound inhibition of CD4 downregulation by Nef and that
HIV-1 Nef interacts robustly and specifically with AP2 aC-02
in Y3H assays and with the AP2 core complex in pull-down
assays (all demonstrated here for the first time) now provide
strong support to the AP2-dependent, endocytic model of Nef
action on CD4.

Recognition of dileucine signals by AP2. Upon correction of
a point mutation in the original AP2-aC subunit construct used
in Y3H assays (41), we were able to detect a specific and robust
interaction between the aC-02 hemicomplex and Nef. This
interaction requires the coexpression of both AP2 subunits and
is not observed with single subunits (data not shown). This
probably reflects the need of hemicomplex assembly for proper
folding and stability of the constituent subunits. In addition,



3888 CHAUDHURI ET AL.

the Y3H interaction is strictly dependent on the LL164,165
dileucine sequence and partially dependent on the upstream
E160 residue of Nef. It is not dependent, however, on neigh-
boring residues or other functional motifs. These requirements
exactly match those defined for CD4 downregulation (11, 14,
27) (Fig. 4 and 5), indicating that the interactions are likely to
be functionally relevant. These interactions are analogous to
those of Nef with the y-o1 subunits of AP1 and the 8-03
subunits of AP3 (41), suggesting that these three complexes
bind to Nef in a similar manner. Moreover, like the corre-
sponding AP1 and AP3 hemicomplexes, the AP2 «C-02 hemi-
complex would be expected to bind other [DE]XXXL[LI]-type
dileucine signals involved in internalization from the cell sur-
face. The easy detection of these interactions with the Y3H
now opens the way for further analyses of the mechanism of
recognition of dileucine signals.

Do AP1 and AP3 participate in Nef-induced CD4 downregu-
lation? HIV-1 Nef was found to localize to the area of the
Golgi complex (39, 48), in addition to the plasma membrane,
and to induce retention of CD4 in the Golgi region (10, 48).
These observations supported a model in which intracellular
retention of newly synthesized or recycling CD4 contributes to
downregulation of the receptor (48, 68). The area of the Golgi
complex houses the TGN and a subset of endosomes, both of
which have clathrin coats containing AP1 and AP3. Indeed, a
variety of biochemical analyses showed interactions of Nef with
AP1 and AP3 that were much stronger than those with AP2.
Specifically, HIV-1 Nef was found to interact with AP1 and
AP3 from cell extracts by GST pull-down assays (11, 39, 41),
with the w1A subunit of AP1 and the p3A subunit of AP3 by
Y2H assays (19, 46), and with the y-ol and 8-03 hemicom-
plexes of AP1 and AP3, respectively, by Y3H assays (41).
These interactions were all dependent on the dileucine se-
quence of Nef, indicating that they may be functionally rele-
vant for CD4 downregulation. However, RNAi-mediated de-
pletion of AP1 and AP3 subunits has been reported to have no
effect on Nef-induced CD4 downregulation in human T cells
and astrocytes (67), a finding that we have now replicated in S2
and HeLa cells. Therefore, it is unclear what roles, if any, Nef
interactions with AP1 and AP3 play in CD4 downregulation. It
is possible that these complexes participate in the postendo-
cytic routing of internalized CD4 but, clearly, this potential
role has no impact on the ability of Nef to decrease surface
CD4 levels.

Postendocytic fate of internalized CD4. The downregulation
of CD4 by Nef involves not only its removal from the cell
surface but also its targeting to lysosomes for degradation (59,
64, 73). Thus, it is likely that Nef also functions to prevent the
recycling of internalized CD4 to the plasma membrane and/or
to promote its delivery to lysosomes, perhaps following the
MVB pathway. However, the depletion of various components
of endosomal recycling (e.g., EHDI1, Rabenosyn-5, Arf6,
Rab35, and Rabip4; Table 1) or MVB pathways (e.g., TSG101,
STAMI1, ALIX, and Vps25; Table 1) had no effect on the
ability of Nef to decrease surface levels of CD4. This observa-
tion does not necessarily imply a lack of Nef involvement in
these processes because of the following caveats: (i) the RNAi
treatment may not have caused sufficient depletion of the tar-
get proteins to elicit an effect, (ii) the right target proteins may
not have been picked for depletion, and (iii) inhibition of
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recycling or lysosomal delivery may affect the intracellular dis-
tribution of the internalized protein (as may also be the case
for AP1 and AP3 depletion), without preventing the reduction
in surface CD4 levels. An assessment of the possible role on
these intracellular sorting events will require an expansion of
the set of machinery components targeted for depletion and
assays that do not rely on measurement of cell surface levels
(i.e., FACS) but on the localization of downregulated CD4
(e.g., fluorescence microscopy).

Distinct mechanisms for CD4 and MHC-I downregulation.
Although CD4 is the cell surface protein that is most effectively
downregulated by Nef, other cell surface proteins also undergo
various degrees of Nef-induced downregulation. Among the
latter are certain MHC-I haplotypes (29, 49, 67, 74, 79), the
downregulation of which is thought to allow HIV-1 to evade
immune surveillance (13, 17). Strikingly, Nef-induced MHC-I
downregulation appears to occur by a mechanism that is quite
distinct from that of CD4 downregulation. Indeed, downregu-
lation of MHC-I by Nef primarily involves the misrouting of
newly synthesized molecules from the TGN to the lysosomes
(43) and requires AP1 but not AP3 (67). This process is inde-
pendent of the Nef dileucine sequence (65) and instead de-
pends on an acidic cluster (EEEE62-65) and a polyproline
motif (PXXP72,75) (Fig. 1) (49, 60, 66). In addition, Nef pro-
motes the association of MHC-I and AP1 with sequence re-
quirements that are identical to those required for downregu-
lation (49, 67, 81). Thus, Nef is a multifunctional “connector”
molecule capable of using distinct interfaces to link the cyto-
solic tails of different transmembrane proteins to specific AP
complexes. These alternative modes of interaction endow Nef
with the ability to interfere with protein trafficking at different
stages of the secretory and endocytic pathways.
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