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ABSTRACT The HIV-1 Nef protein is important for
pathogenesis, enhances viral infectivity, and regulates the
sorting of at least two cellular transmembrane proteins, CD4
and major histocompatibility complex (MHC) class I. Al-
though several lines of evidence support the hypothesis that
the Nef protein interacts directly with the cellular protein
sorting machinery, the sorting signal in HIV-1 Nef has not
been identified. By using a competition assay that functionally
discriminates between dileucine-based and tyrosine-based
sorting signals, we have categorized the motif through which
Nef interacts with the sorting machinery as dileucine-based.
Inspection of diverse Nef proteins from HIV-1, HIV-2, and
simian immunodeficiency virus revealed a well-conserved
sequence in the central region of the C-terminal, solvent-
exposed loop of Nef (EyDXXXLf) that conforms to the
consensus sequence of the dileucine-based sorting motifs
found in cellular transmembrane proteins. This sequence in
NefNL4-3, ENTSLL, functioned as an endocytosis signal when
appended to the cytoplasmic tail of a heterologous protein.
The leucine residues in this motif were required for the
interaction of full-length Nef with the dileucine-based sorting
pathway and were required for Nef-mediated down-regulation
of CD4. These leucine residues were also required for optimal
viral infectivity. These data indicate that a dileucine-based
sorting signal in Nef is utilized to address the cellular sorting
machinery. The data also suggest that an inf luence on the
distribution of cellular transmembrane proteins may mech-
anistically unite two previously distinct properties of Nef:
down-regulation of CD4 and enhancement of viral infectivity.

The nef gene product of primate lentiviruses is a critical
determinant of disease progression and pathogenesis (1, 2).
However, this protein appears to play three distinct roles:
enhancement of viral infectivity and replication (3–7); down-
regulation of cell surface proteins, specifically CD4 (8, 9) and
major histocompatibiliy complex (MHC) class I (10); and
alteration of T cell signaling pathways (11–13).

Of these properties, Nef-mediated down-regulation of CD4
is the best characterized mechanistically and is a consequence
of enhanced endocytosis of CD4 from the cell surface (14). Nef
increases by '2-fold the formation of clathrin-coated pits at
the cell surface, and these pits specifically incorporate CD4
(15). Nef itself colocalizes with components of the clathrin-
coated pit adaptor complexes (16, 17). This colocalization is
independent of the presence of CD4, suggesting that Nef
contains a domain that is either directly or indirectly respon-
sible for interaction with the endocytic machinery. Additional
evidence for this hypothesis is provided by the observation that

fusion of Nef to the transmembrane and extracellular domains
of either CD4 or CD8 induces endocytosis of the chimeric
proteins (18, 19).

Nef may physically connect CD4 with the endocytic ma-
chinery (18, 20). NMR spectroscopy of Nef in the presence of
a CD4-derived peptide has described a putative CD4 binding
site on Nef (21). Further evidence for a direct interaction of
Nef with CD4 has been derived from yeast two hybrid assays
(22) and from coimmunoprecipitation of Nef and CD4 when
coexpressed in insect cells (23). Recently, yeast two-hybrid
assays have demonstrated that HIV-1 Nef associates weakly
with the m-chains of adaptor protein complexes 1 and 2 (17,
20). Analysis of truncation mutants has roughly mapped this
interaction to amino acids 143–170 of NefHIV/LAI (17). Both
x-ray crystallographic and NMR spectroscopic data describe
an unstructured loop in this C-terminal region of the Nef
protein, which appears available for interaction with a ligand
(24, 25). This f lexible loop is exposed to solvent and is
physically separate from the putative CD4-binding surface
located on the well-folded globular core of Nef (21).

If Nef interacts directly with the cellular endocytic machin-
ery, it seems likely that this interaction would be mediated by
a viral sequence homologous to one or more cellular sequences
known to mediate similar interactions. In this regard, the
internalization of transmembrane proteins from the plasma
membrane and the sorting of transmembrane proteins directly
from the trans-Golgi to lysosomal vesicles can be mediated by
several types of peptide sequences (26). One type of sorting
signal, a tyrosine-based motif, conforms to the consensus
sequence YXXf, where f is an amino acid residue with a
bulky, hydrophobic side chain (27). A second type of sorting
signal, a dileucine-based motif, conforms to the consensus
sequence EyDXXXLf (28, 29). Although the only absolute
requirement for this motif is the first of the two consecutive
leucines, an acidic residue four amino acids upstream is
favorable for endocytic function. These two sorting signals use
distinct elements of the endocytic machinery that are inde-
pendently saturable (30). To demonstrate this independence,
fusion proteins containing the extracellular and transmem-
brane domains of the interleukin 2 (IL-2) receptor a chain
(Tac antigen) and cytoplasmic domains containing known
endocytosis signaling motifs were used in competition assays
with proteins that contained similar motifs. Only proteins with
similar motifs were able to inhibit each others endocytosis.
This inhibition resulted in displacement of the indicator pro-
tein to the cell surface, where its increased expression could be
detected by using flow cytometry. Similar competition assays
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are utilized in the present study to address the possible
existence of an endocytosis signal in the Nef protein of HIV-1.
Here, a dileucine-based sorting signal is identified in Nef
within the C-terminal solvent-exposed loop, and its involve-
ment in CD4 down-regulation and enhancement of viral
infectivity and replication is demonstrated.

MATERIALS AND METHODS

Expression Vectors and Proviral Constructs. The CD4
expression vector pCMX-CD4 was provided by Didier Trono
(14). The vectors pCDM8-TAC, pTAC-DKQTLL, pTTMb,
and pCDM8-LAMP1 were provided by Juan Bonifacino (30).
The vectors pTAC-ENTSLL and pTAC-ENTSAA were pre-
pared by an overlapping PCR strategy by using primers
encoding these motifs to substitute the DNA sequence encod-
ing the peptide DKQTLL of pTAC-DKQTLL with sequences
encoding ENTSLL or ENTSAA. The nef gene was subcloned
from the HIV-1 proviral clone pNL4-3 (31) into the expression
vector pCIneo (Promega) by PCR; this construct was desig-
nated pCINL. Mutations were introduced into pCINL by using
an overlapping PCR strategy and mutant primers. For the
construction of proviral plasmids, mutant nef alleles were
subcloned from the pCIneo-based expression vectors directly
into pNL4-3. The sequences of all constructs were verified by
nucleotide sequence analysis.

Transient Transfections. 293 cells were transfected with the
DNAs of interest by using the reagents of the Pharmacia
CellPhect Transfection Kit according to the manufacturer’s
instructions. The amounts of total DNA in each transfection
were standardized as necessary by the addition of pCIneo
parental plasmid. A gfp expression vector, phGFP-S65T (Clon-
tech) was included in each transfection as a control for
efficiency of transfection.

Cell-Surface Staining and Fluorescence-Activated Cell
Sorter (FACS) Analysis. Cells were removed from plates with
1 mM EDTAy13 PBS 36–48 h after transfection, washed in
13 PBSy1% azidey2% fetal calf serum, stained for 30 min at
4°C with phycoerythrin (PE)-conjugated mAbs [CD25 to
detect Tac-antigenyIL-2 receptor-a chain or Leu-3A to detect
CD4 (Becton Dickinson)], washed, and fixed in 1% parafor-
maldehyde. Live cells were gated based on forward-scatter and
side-scatter characteristics.

Determination of Endocytosis Rates. Endocytosis rates
were determined by using a FACS-based analysis as described
(18). Transfected cells were stained with PE-conjugated anti-
body at 4°C as described above, except that azide was omitted.
Before fixation, cells were incubated at 37°C for the indicated
times, then stripped of surface antibody by brief incubation in
saline (pH 2.0). To determine the maximal intensity of staining
obtainable, aliquots of cells were taken post-staining and
spared from acid-stripping; these samples were designated tx.
Samples harvested at each time point (n) were designated tn.
Samples designated t0 were subjected to acid-stripping, wash-
ing, and fixation without any incubation at 37°C. The amount
of internalized label was determined from the mean PE-
fluorescence of the green fluorescent protein (GFP)-positive
cells in each sample and was expressed as [(tn 2 t0)ytx] 3 100,
the percent internalization.

Viral Production. Proviral plasmids were used to transfect
the T cell line CEM as described (7). The cultures were allowed
to become chronically infected, at which time viral stocks were
obtained by washing and resuspending the cells in fresh
medium, then collecting the newly produced viral progeny over
a 72-h period.

Determination of Viral Infectivity. Particle infectivity was
determined as described by using HeLa-CD4 cells as targets in
a syncytium formation assay (32). The infectivities of the
mutants were expressed relative to that of wild-type virus.

RESULTS

A Flow Cytometric Surface-Displacement Assay Catego-
rizes the Endocytosis Signal in HIV-1 Nef as Dileucine-Based.
To determine whether the interaction of Nef with the cellular
sorting machinery occurs through tyrosine- or dileucine-based
motifs, we used a previously described endocytosis competi-
tion assay that can functionally categorize these signals (30).
This approach is based on the observation that transmembrane
proteins with functionally similar signals inhibit each others
endocytosis to a much greater extent than proteins with
functionally dissimilar signals. To categorize a suspected but
unidentified sorting signal in a test protein, the ability of that
protein to displace indicator proteins containing known signals
to the cell surface can be measured by flow cytometry.
Although Nef is a peripheral rather than a transmembrane
protein, we reasoned that it might function in such an assay
because its intracellular distribution overlaps that of clathrin
and adaptor protein complexes (16, 17). Coexpression of
HIV-1 Nef was tested for its effects on the surface expression
of transmembrane proteins whose extracellular and transmem-
brane domains are identical (corresponding to those of the
IL-2 receptor a chain, Tac) but whose cytoplasmic domains
contain either a dileucine-based motif (Tac-DKQTLL), a
tyrosine-based motif (TTMb), or no known motif (Tac) (30).
Cells of the human kidney line 293 were transfected with
plasmids expressing one of each of these proteins, with or
without cotransfection of a plasmid expressing Nef as a
competitor. A plasmid expressing the GFP was included to
allow assessment of transfection efficiency. The expression of
the Tac-based proteins at the cell surface was monitored by
flow cytometry by using a PE-conjugated antibody to Tac
(anti-CD25).

The surface expression of the Tac-based proteins was ana-
lyzed with respect to transfection efficiency by determining the
mean PE fluorescence for each GFP channel number in each
transfection experiment. The mean surface level of native Tac
(PE fluorescence) increased with transfection efficiency (GFP
fluorescence) (Fig. 1A). In contrast, Tac-DKQTLL and
TTMb, proteins that are readily sorted away from the cell
membrane, maintained low levels of surface expression over a
broad range of transfection efficiencies (Fig. 1 B and C).
Coexpression of Nef caused an increase in the surface expres-
sion of Tac-DKQTLL, the indicator protein that contains a
dileucine-based motif (Fig. 1C). This effect was most evident
at the highest GFP channel numbers. In contrast, coexpression
of Nef had only a modest effect on the surface expression of
TTMb, the indicator protein that contains a tyrosine-based
motif, and no effect on the surface expression of native Tac,
the indicator protein that contains no known endocytosis motif
(Fig. 1 A and B). To confirm the inability of Nef to affect the
surface expression of TTMb as a true negative, cotransfection
of a plasmid encoding the transmembrane protein Lamp1,
which contains a tyrosine-based motif, increased the surface
expression of TTMb (Fig. 1D). The increase in surface ex-
pression of Tac-DKQTLL induced by Nef and of TTMb
induced by Lamp1 were dose-dependent effects (data not
shown). In the presence of maximal amounts of Nef expression
plasmid (15 mg) the mean PE fluorescence (Tac-DKQTLL
expression) for all GFP-positive cells increased by 2.7-fold
(data not shown). The ability of HIV-1 Nef to increase the
surface expression of Tac-DKQTLL together with its inability
to increase the surface expression of TTMb, suggested that Nef
contains a functional dileucine-based sorting motif but lacks a
functional tyrosine-based motif.

A Hexameric Sequence Within the Solvent-Exposed, Un-
structured, C-Terminal Loop of Nef Is a Functional Dileucine-
Based Endocytosis Motif. Examination of the sequence of Nef
used in these experiments revealed a potential dileucine-based
endocytosis motif, ENTSLL, in the solvent exposed, unstruc-
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tured loop near the C-terminus of the protein. Comparison of
primate lentiviral sequences derived from diverse isolates of
HIV-1, HIV-2, and simian immunodeficiency virus revealed
the consensus sequence EyDXXXLf at this location (33). This
consensus matches closely that of dileucine-based sorting
motifs derived from a variety of cellular transmembrane
proteins (29).

A characteristic of dileucine-based motifs is their ability to
function as endocytosis signals when positioned at or near the
C termini of heterologous proteins that are otherwise well
expressed at the cell surface (28, 29). To determine whether
the putative dileucine motif of Nef could function as an
endocytosis signal, a vector was constructed to express a fusion
protein in which the peptide sequence ENTSLL was appended
to the cytoplasmic tail of IL-2 receptor a chain (pTac-
ENTSLL). As a control, the vector pTac-ENTSAA was also
constructed. The endocytosis rates of the Tac fusion molecules
expressed by these vectors were compared with the rates of Tac
and Tac-DKQTLL (Fig. 2A). The rate of endocytosis of
Tac-DKQTLL was 2.8-fold greater than the rate of endocy-
tosis of native Tac. Although the rate of endocytosis of
Tac-ENTSLL was only 1.6-fold greater than that of native
Tac, it was 2.8-fold greater than the rate of endocytosis of the
matched control, Tac-ENTSAA. The efficiencies of surface
expression observed for the Tac fusion proteins were in-
versely related to their relative rates of endocytosis (data not
shown). These data demonstrated that the hexameric sequence
ENTSLL of HIV-1 Nef is able to enhance the rate of endo-
cytosis of a heterologous protein in a dileucine-dependent
fashion.

To establish further the functional similarity of the ENTSLL
and DKQTLL sequences, the effects of Nef on the surface
expression of Tac-ENTSLL and Tac-ENTSAA were measured
(Fig. 2B). Nef increased the efficiency with which Tac-
ENTSLL was expressed at the cell surface but had little effect
on the expression of Tac-ENTSAA. These observations indi-
cated that intact Nef displaces to the cell surface a fusion
protein containing a dileucine motif which is exactly homol-
ogous to that within its own primary protein structure.

Residues Within the Putative Endocytosis-Signal Are Re-
quired for Nef-Mediated Displacement of Transmembrane
Proteins That Contain Dileucine Motifs to the Cell Surface.
To determine whether the sequence ENTSLL is a functional
sorting signal in the context of native Nef protein, mutations
in this sequence were analyzed for their effects on Nef-
mediated displacement of the fusion protein Tac-DKQTLL to
the cell surface (Fig. 3). Vectors were constructed that express
Nef proteins containing alanine substitution of the consecutive
leucine residues (pCI-LL164y165AA) or alanine substitution
of the glutamic acid residue (pCI-E160A). The effects of these
mutations could be anticipated to some extent based on
previous mutational analyses of dileucine-motifs in cellular
transmembrane proteins (28, 29). The only absolute require-
ment for the function of these motifs is the first of the two
consecutive leucines. The conserved acidic residue at position
24 relative to this leucine is variably important to endocytosis
(29).

FIG. 1. Effect of Nef on the surface expression of indicator
proteins containing dileucine- or tyrosine-based sorting motifs. 293
cells were transfected with plasmids encoding the transmembrane
indicator proteins Tac, IL-2 receptor-a chain (0.25 mg) (A); TTMb, a
chimera containing the extracellular and transmembrane domains of
Tac fused to a cytoplasmic domain containing a tyrosine-based motif
(2.5 mg) (B and D); or Tac-DKQTLL, a fusion protein in which the
dileucine-based motif DKQTLL is appended to the C terminus of the
Tac cytoplasmic domain (2 mg) (C). A plasmid encoding the GFP (0.5
mg) was included as a transfection marker. Cells were stained with
anti-CD25 (which recognizes Tac) conjugated to PE and analyzed by
flow cytometry. The mean PE fluorescence (surface level of Tac) for
each GFP channel number (transfection efficiency) is plotted for 293
cells transfected with each of the Tac indicator proteins with and
without competitors. 1Nef cells were transfected with 15 mg of Nef
expression vector. 1Lamp cells were transfected with 15 mg of Lamp1
expression vector.

FIG. 2. The Nef sequence ENTSLL functions as an endocytosis
signal. (A) Endocytosis rates of Tac-based indicator proteins. Tac and
Tac-DKQTLL are described in the legend of Fig. 1. Tac-ENTSLL
contains the putative dileucine-motif in Nef appended to the C
terminus of Tac. Tac-ENTSAA is identical to Tac-ENTSLL except
that the leucines have been replaced with alanines. 293 cells were
transfected with plasmids encoding Tac (5 mg), Tac-DKQTLL (10 mg),
Tac-ENTSLL (6 mg), or Tac-ENTSAA (4 mg) and with a GFP-
expression plasmid (0.5 mg), then stained with PE-conjugated anti-
CD25 and incubated at 37°C for the indicated times before removal of
label associated with the cell surface by acid wash and analysis by flow
cytometry. The percentage of internalized label at each time point was
calculated as described. The following slope values were calculated by
using linear regression analysis: Tac, 0.23; Tac-DKQTLL, 0.64; Tac-
ENTSLL, 0.36; Tac-ENTSAA, 0.13. (B) Effect of Nef on the surface
expression of Tac-ENTSLL and Tac-ENTSAA. The mean PE fluo-
rescence (Tac surface level) for each GFP channel number (transfec-
tion efficiency) is plotted for 293 cells transfected with Tac-ENTSLL
and Tac-ENTSAA. 1Nef cells were transfected with 15 mg of Nef
expression vector. The amounts of indicator plasmids were as follows:
Tac-ENTSLL, 0.5 mg; and Tac-ENTSAA, 0.1 mg.
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As predicted by the hypothesis that the ENTSLL sequence
is a functional sorting-signal in native Nef, the mutant Nef-
LL164y165AA was unable to displace Tac-DKQTLL to the
cell surface (Fig. 3). In contrast, the mutant Nef-E160A was
almost equivalent to wild type in its ability to displace Tac-
DKQTLL to the cell surface. Similar experiments were per-
formed by using Tac-ENTSLL as the dileucine-containing
indicator (data not shown). In general, these experiments
yielded results similar to those obtained by using Tac-
DKQTLL. Western blot analysis confirmed that comparable
levels of Nef were expressed in these experiments (data not
shown). These data indicated that the sequence ENTSLL in
the C-terminal loop of Nef contains determinants important
for the ability of native Nef to compete for access to the
endocytic machinery. In particular, the dileucine residues of
the ENTSLL sequence are required for the ability of Nef to
displace transmembrane proteins that contain dileucine-based
signals to the cell surface.

Residues Within the Putative Dileucine-Based Endocytosis-
Motif of Nef Are Required for CD4 Down-Regulation. Current
models suggest that Nef may physically connect CD4 to the
endocytic machinery, causing an enhanced rate of endocytosis
of CD4 from the cell surface (15, 18). Implicit in this hypothesis
is the presence of a domain in Nef that is required for
interaction with the endocytic machinery and, consequently,
for down-regulation of CD4. To determine whether the
dileucine motif in the C-terminal loop of Nef was required for
down-regulation of CD4, the Nef mutants of the sequence
ENTSLL described above were tested in a 293 cell-based, CD4
down-regulation assay (Fig. 4A). The mutant Nef-LL164y
165AA, which was unable to displace dileucine-containing
proteins to the cell surface, was unable to down-regulate CD4
(Fig. 4A). In contrast, the mutant Nef-E160A was essentially
wild type in its ability to down-regulate CD4. Western blot
analysis indicated that the levels of expression of the Nef
proteins during these experiments were comparable (Fig. 4B).
These effects of mutations within the ENTSLL sequence on
CD4 down-regulation correlated closely with the effects on
surface displacement of dileucine-containing proteins. This
correlation supports the hypothesis that this sequence is an
essential component of the recognition surface by which
CD4–Nef complexes are connected to the endocytic machinery.

Residues Within the Putative Dileucine-Based Endocytosis
Motif of Nef Are Required for Optimal Viral Infectivity. The

enhancement by HIV-1 Nef of the infectivity of the cell-free
virion and of viral replication appears causally separate from
its ability to down-regulate CD4 (5, 7, 34–38). Nevertheless, we
have observed a considerable overlap in the genetic determi-
nants of CD4 down-regulation and enhancement of viral
infectivity (unpublished data). Consequently, we hypothesized
that these two phenomena might be related by an underlying
property of Nef: the ability to influence the sorting of trans-
membrane proteins. This hypothesis predicts that mutations in
the endocytosis motif of Nef will affect not only CD4 down-
regulation but also viral infectivity and replication.

To determine whether the dileucine-based endocytosis mo-
tif in the C-terminal, solvent-exposed loop of Nef was impor-
tant for enhancement of viral infectivity and replication,
mutations within the ENTSLL sequence were created within
the context of the complete viral genome. Viral stocks were
produced as described and used to infect adherent, CD4-
positive HeLa cells to determine the efficiency of formation of
infectious centers as a measure of viral infectivity. The infec-
tivities of cell-free virions produced by wild-type and nef-
negative genomes were compared with those of virions pro-

FIG. 5. The effect of mutations in the ENTSLL sequence of Nef on
Nef-mediated enhancement of viral infectivity. The relative infectiv-
ities of cell-free virions produced from the indicated genomes were
determined by using an infectious center assay in which CD4-positive
HeLa cells were used as targets. The infectivities of the mutant virions
were determined as described and are expressed relative to the wild
type. WT, wild-type HIV-1NL4-3; nef2, nef-negative mutant contain-
ing two premature termination codons in the 59 terminus of the
nef-ORF (7); E160A, mutant encoding alanine substitution of E160;
LL164y165AA, mutant encoding alanine substitutions of L164A and
L165A.

FIG. 3. The effect of mutations in the ENTSLL sequence of Nef on
surface displacement of Tac-DKQTLL. 293 cells were transfected with
a plasmid encoding Tac-DKQTLL (1 mg), a GFP-expression plasmid
(0.5 mg), and the indicated amounts of the Nef expression plasmids.
Transfected cells were analyzed by flow cytometry. The mean PE
fluorescence (Tac surface levels) of GFP-positive cells is graphed
versus the amount of Nef-expression plasmid. pCI-NL encodes wild-
type Nef. pCI-LL164y165AA encodes a mutant in which the leucine
residues within the sequence ENTSLL (residues 164 and 165 of HIV-1
NefNL4-3) are replaced with alanine residues. pCI-E160A encodes a
mutant in which the glutamic acid residue within the sequence
ENTSLL (residue 160) is replaced by an alanine residue.

FIG. 4. The effect of mutations in the ENTSLL sequence of Nef on
Nef-mediated down-regulation of CD4. (A) CD4 down-regulation. 293
cells were transfected with a CD4 expression plasmid (1 mg), a
GFP-expression plasmid (0.5 mg), and the indicated amounts of the
Nef-expression plasmids. Cells were stained with PE-conjugated anti-
CD4 and analyzed by flow cytometry. The mean PE fluorescence
(CD4 surface levels) of GFP-positive cells is graphed versus the
amount of Nef expression plasmid. (B) Western blot analysis of Nef
expression. Cells (5 3 104) analyzed in A and transfected with 2 mg of
each Nef expression vector were lysed, separated electrophoretically,
and analyzed as described (32).
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duced by genomes containing the LL164y165AA or E160A
mutations (Fig. 5). The mutation LL164y165AA reduced the
infectivity of cell-free virus to levels only slightly above that of
the nef-negative control. In contrast, the infectivity of the
E160A mutant was almost equivalent to that of wild-type virus.
The relative rates of replication of these viruses in primary
cultures of human lymphoblasts showed a similar hierarchy
(data not shown). These virologic effects of mutations within
the ENTSLL sequence correlated closely with the effects of
these mutations on Nef-mediated displacement of dileucine-
containing transmembrane proteins to the cell surface and on
Nef-mediated down-regulation of CD4. These data support
the hypothesis that the ability of Nef to influence the sorting
of transmembrane proteins is highly correlated with and may
be the underlying cause of a variety of its phenotypic effects.

DISCUSSION

By using a competition assay that functionally discriminates
dileucine-based from tyrosine-based sorting signals, we have
categorized the motif through which HIV-1 Nef interacts with
the cellular endocytic machinery as dileucine-based. Inspec-
tion of the predicted amino acid sequences of primate lenti-
viruses revealed a conserved hexapeptide sequence (Ey
DXXXLf) within the C-terminal, solvent-exposed, f lexible
loop of Nef protein which conforms to the consensus sequence
of the dileucine-based sorting signals found in cellular trans-
membrane proteins. The corresponding sequence within
NefNL4-3, ENTSLL, functioned as an endocytosis signal in the
context of a heterologous protein and, in the context of intact
Nef, was required for all Nef-associated functions tested
including the ability to displace dileucine-containing trans-
membrane proteins to the cell surface, the ability to down-
regulate CD4, and the ability to enhance viral infectivity and
replication.

These experiments demonstrate use of the surface-
displacement assay described by Marks et al. (30) to function-
ally categorize an endocytosis signal in a test protein. These
investigators described the ability of transmembrane proteins
containing similar sorting signals (tyrosine-based or dileucine-
based) to inhibit each others endocytosis, causing displace-
ment of the indicator protein to a ‘‘default’’ destination: the
cell surface. By measuring the effect of Nef on the surface
expression of the previously characterized indicator proteins
Tac-DQKTLL (a fusion protein containing a dileucine sorting
motif) and TTMb (a fusion protein containing a tyrosine
sorting motif), the Nef protein was characterized functionally
as containing a dileucine-like motif.

Sequence inspection, followed by mutational analyses, indi-
cated that the dileucine-motif predicted from the surface-
displacement assays was located in the central region of an
unstructured, solvent-exposed, 30-amino acid residue loop
near the C terminus of Nef protein. Our results show an
example of a dileucine-based sorting motif described in a
nontransmembrane protein; Nef is a peripheral membrane
protein whose presumed association with the cytoplasmic
leaflet requires N-terminal myristoylation (39). Nevertheless,
the primary sequence, the genetic determinants of function,
and the structural context of the dileucine motif in Nef are
highly analogous to those of cellular, transmembrane proteins.
Comparison of divergent isolates of HIV-1, HIV-2, and SIV
revealed the consensus sequence EyDXXXLf at this location
in Nef (33). This is precisely the consensus sequence of the
dileucine motifs described in cellular proteins (29). As in
cellular dileucine motifs, the LL sequence was required in Nef
for endocytic function. As in some but not all cellular se-
quences (29), the acidic residue at position 24 relative to the
first of the consecutive leucines was dispensable for endocytic
function. In some cellular proteins such as the invariant chain
Iip31, this residue, though dispensable for endocytosis, ap-

pears required for the formation of large endosomal vesicles
(29). Interestingly, this morphologic phenotype has been de-
scribed in cells constitutively expressing Nef protein (40), and
it will be of interest to determine if this phenotype requires the
acidic residue in the Nef dileucine motif. Structurally, the
dileucine motifs of cellular proteins are typically located near
the extreme ends of the proteins’ cytoplasmic domains. NMR
spectroscopy indicates that the dileucine motif within the
cytoplasmic domain of the lysosomal integral membrane pro-
tein LIMPII exists within a random coil structure (41). The
location of the Nef dileucine motif within an unfolded, solvent-
exposed loop near the C terminus is consistent with this
general structural description.

The location of the Nef dileucine motif within this solvent-
exposed loop places it in a potentially ideal position for
interaction with a protein ligand, presumably a component of
the cellular endocytic machinery such as an adaptor complex
protein. In this regard, direct interactions have been demon-
strated between dileucine motifs and adaptor complex proteins
of AP-1, AP-2, and AP-3 (42–44). Although in vitro peptide
cross-linking studies have suggested that dileucine motifs are
preferentially bound by the b-subunit of AP-1 complexes (42),
yeast two-hybrid assays have suggested a direct interaction
between the m-subunit of AP-1 with HIV-1 Nef (17, 20). The
interaction with m1 was roughly mapped to the C-terminal
solvent-exposed loop; however, the loop contains no se-
quences reminiscent of the tyrosine motifs known to interact
directly with m-subunits (17, 45). Together with the findings
presented here, these data suggest the hypothesis that the
dileucine motif in Nef directly interacts with the m-subunit of
adaptor complexes. In contrast, a recent analysis of HIV-2 and
simian immunodeficiency virus Nef identified potential ty-
rosine motifs in the N terminus that appear to mediate an
interaction with the m-subunits of AP-1 and AP-2 (20).
However, these tyrosines are not present in HIV-1 Nef, and
mutation of these residues did not fully abrogate CD4 down-
regulation (20). Furthermore, our data suggest that HIV-1 Nef
does not interact functionally with the tyrosine-based sorting
pathway.

Although the consecutive leucines in the ENTSLL sequence
were required for Nef-mediated down-regulation of CD4,
additional nearby residues within Nef appear required for this
function (13, 46, 47). Of particular interest are charged resi-
dues located at the extreme C terminus of the flexible loop;
these are required for both colocalization of Nef with adaptor
complexes and for Nef-mediated CD4 down-regulation (16).
These residues have recently been demonstrated to interact
with a vacuolar ATPase involved in the acidification of endo-
somes and lysosomes (19). Thus, although we propose that the
dileucine motif is required for the interaction of Nef with the
endocytic machinery and consequently for CD4 down-
regulation, it is almost certainly insufficient for these effects
and may act cooperatively with other sequences in the C-
terminal loop.

The ability of Nef to increase the surface expression of
dileucine motif-containing indicator proteins such as Tac-
DKQTLL seems paradoxical in view of its ability to decrease
the surface expression of CD4, a transmembrane protein that
itself contains a weak dileucine-based motif (14). Indeed, the
LL sequence in the cytoplasmic domain of CD4 is required for
Nef-mediated CD4 down-regulation (14). This paradox is
resolvable in view of the apparent requirement for the LL
sequence in CD4 for the binding interaction of CD4 and Nef
(21, 22). Thus, by binding to the cytoplasmic domain of CD4,
Nef may essentially cover an inherently weak endocytosis
signal and replace it with a more potent signal from within its
own structure, allowing relatively efficient endocytosis of
CD4–Nef complexes. Alternatively, by recruiting CD4 to
adaptor complexes, Nef may facilitate a direct interaction
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between the dileucine motif of CD4 and a component of the
endocytic machinery.

The dileucine motif in Nef is important not only for down-
regulation of CD4 but also for Nef-mediated enhancement of
viral infectivity and replication. However, CD4 down-
regulation does not appear to be the cause of Nef’s virologic
effects; Nef enhances the infectivity of HIV-1 virions even
when produced from CD4-negative cells (5, 7, 38). In addition,
the LL164y165AA viral mutant is defective in infectivity even
when produced from cells whose CD4 cannot respond to Nef
(data not shown). What, then, may be the connection between
the sorting motif in Nef and Nef’s virologic properties? No-
tably, Nef enhances infectivity before viral gene expression in
the newly infected target cell. Indeed, Nef modifies the virion
during its production such that it establishes viral DNA in the
target cell more efficiently (5, 32, 36, 38). The nature of this
virion modification and the mechanism of enhanced viral
DNA synthesis are unknown. We propose that the influence of
Nef on the sorting of transmembrane proteins may alter the
composition of the viral as well as the cellular membrane in a
manner that renders the virion more infectious. In this regard,
it is interesting to consider not only the possibility of down-
regulation of surface proteins such as CD4, but also the
potential for upregulation of proteins in a manner analogous
to the surface-displacement effects reported here. Although
the mechanism of infectivity enhancement mediated by the
Nef dileucine motif remains unclear, these data suggest that
dysregulation of protein sorting may unify two seemingly
distinct properties of Nef: down-regulation of CD4 and en-
hancement of viral infectivity.
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