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Nef is one of the five so-called auxiliary genes of primate lentiviruses, a group that also includes
vif, vpr, vpu (in HIV-1 and SIVCPZ), and vpx (in HIV-2 and other SIV strains). Inactivating these
genes does not completely prevent viral replication in cell culture (reviewed in (Cullen, 1998)), but
studies conducted both in SIV-infected monkeys and in HIV-infected individuals have revealed that
they encode important virulence factors. Three major functions of Nef have been uncovered through in
vitro analyses: the downregulation of CD4 and MHC class I, the stimulation of virion infectivity, and
the capacity to alter the activation state of cells.

Nef, an important virulence factor

Nef is abundantly produced during the early phase of viral gene expression, when its mRNA
represents three quarters of the viral mRNA load of the cell (Guy et al., 1987; Klotman et al., 1991).
Nef stimulates viral growth both in cell culture and in vivo. Studies in rhesus monkeys indicated early on
that Nef is important for achieving high levels of viremia and for disease induction (Kestler et al., 1991).
Attenuated forms of HIV-1 and HIV-2 deleted in nef were also identified in individuals presenting as long
term-non progressors (Deacon et al., 1995; Kirchhoff et al., 1995; Learmont et al., 1999; Mariani et al.,
1996; Salvi et al., 1998; Switzer et al., 1998). Finally, in a recently described transgenic mouse model,
Nef expression in CD4 positive cells caused an AIDS-like disease in the absence of viral replication
(Hanna et al., 1998).

A difficult, yet rewarding, task has been to identify the molecular mechanisms hidden behind the
three major known functions of Nef. A considerable amount of information has been obtained thanks
to the combined power of structural, functional and genetic analyses.

General biochemical and structural features of Nef

HIV-1 Nef is a myristoylated protein of 206 amino acids that associates with cellular membranes
(Niederman et al., 1993). The Nef proteins of HIV-2 and SIV are slightly longer, approximately 250
amino acids in length. Nef is also phosphorylated on serine and threonine, although the role of this
modification is unclear (Yang and Gabuzda, 1999).

The understanding of Nef mechanisms of action has been facilitated by the determination of its
three-dimensional structure. The crystal structure of the core of HIV-1 Nef complexed with the third Src
homology (SH3) domain of the Fyn or Hck tyrosine kinases has been solved (Arold et al., 1997; Lee et
al., 1996). Additionally, the solution structure of Nef either alone or bound to a peptide from the CD4
cytoplasmic tail has been determined by nuclear magnetic resonance (NMR) (Grzesiek et al., 1996a;
Grzesiek et al., 1996b). These studies show that the core of HIV-1 Nef consists of a type II polyproline
helix (aa70–77) which represents the main binding site for the Src family kinases. This domain is
followed by two alpha helices (aa 81–120), a four-stranded anti-parallel beta-sheet (aa 121–186), and
two additional alpha helices (aa 187–203). Residues 60–71 and 149–180 form flexible solvent-exposed
loops. The three proximal helices of the Nef core domain (aa 70–120) form a cavity theoretically
accessible to drugs, and compounds binding this crevice would probably disrupt interactions between
Nef and Src family kinases.
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The NMR structure of a peptide corresponding to the N-terminal domain of Nef has been recently
obtained. This region forms a well-ordered alpha-helix from residues 6 to 22, with the N- and C-terminal
regions having a less ordered structure (Barnham et al., 1997).

CD4 and MHC class I downregulation: Variations on the same theme?

CD4 downregulation is probably the best explained function of Nef (Aiken et al., 1994; Garcia
and Miller, 1991; Guy et al., 1987; Mariani and Skowronski, 1993; Piguet et al., 1999; Rhee and Marsh,
1994). Nef alters the routing of CD4 at three levels. First, the viral protein redirects some CD4 from
the trans-Golgi network (TGN) to the endosomal compartment. Second, it triggers the accelerated
internalization of molecules that have reached the cell surface. And third, it targets CD4 from the
endosome to the lysosome (Aiken et al., 1994; Kim et al., 1999; Lu et al., 1998; Mangasarian et al.,
1997; Piguet et al., 1998; Piguet et al., 1999; Rhee and Marsh, 1994).

Nef accomplishes these effects apparently by acting as a connector between the receptor and
components of the cell protein trafficking machinery. On the one hand, Nef binds to CD4, recognizing
a dileucine-based signal in the membrane proximal region of the receptor cytoplasmic tail. For HIV-1
Nef, the CD4 binding site is centered around residues 57–59, and extends over the proximal region of
the Nef core (Aiken et al., 1994; Greenway et al., 1995; Grzesiek et al., 1996; Harris and Neil, 1994;
Hua and Cullen, 1997; Mangasarian et al., 1999; Rossi et al., 1996). On the other hand, Nef recruits
downstream cellular partners. Of note however, it has so far not been possible to co-immunoprecipitate
a complex containing CD4, Nef and one of its downstream cellular partners.

The first downstream partner of Nef is the adaptor protein complex of clathrin coated pits (CCP), or
AP. Adaptor complexes are heterotetrameric structures that normally recruit clathrin to the cytoplasmic
tail of receptors containing endocytosis signals. An interaction between Nef and the medium chain of
adaptor complexes was demonstrated both in the yeast-two-hybrid system and in vitro with recombinant
proteins (Le Gall et al., 1998; Piguet et al., 1998). For HIV-2 Nef and SIV Nef, this interaction required
two adjacent tyrosine-based motifs in their N-terminus (Lock et al., 1999; Piguet et al., 1998) and
possibly a C-terminal leucine-methione dipeptide (Bresnahan et al., 1999). In contrast, HIV-1 Nef
interacts with AP via a dileucine-based motif in the C-terminal region of the viral protein (Bresnahan et
al., 1998; Craig et al., 1998) and seems also to recruit the β chain of adaptor complexes (Greenberg et
al., 1998). This is an interesting example of converging evolution, with HIV-1 and SIV Nef recruiting
the same cellular protein complex via partly distinct determinants. Nef also interacts with a subunit of
the V-ATPase that could facilitate its association with the endocytic apparatus (Lu et al., 1998). Nef
mutants defective for AP recruitment are unable to accelerate CD4 internalization, either in trans or
when fused to the extracellular and transmembrane domains of the receptor (Bresnahan et al., 1998;
Craig et al., 1998; Greenberg et al., 1998; Piguet et al., 1998). Together with the biochemical evidence,
these functional data demonstrate that adaptor complexes are major effectors of Nef-induced CD4
downregulation.

The second downstream cellular partner of Nef in this process is the COP I coatomer, another
macromolocular structure involved in protein sorting. The COPI coatomer has a well known role in the
ER-Golgi transport, but is also present in early endosomes (Daro et al., 1997; Duden et al., 1991; Gu
et al., 1997; Orci et al., 1993; Whitney et al., 1995).

Nef interacts with the β subunit of COP I, both in vitro and in the yeast two-hybrid system
(Benichou et al., 1994). Mutating a diacidic (EE155 )-based motif in HIV-1 Nef abrogates the ability
of a GST-Nef fusion protein to recruit β-COP from cytoplasmic extracts, and prevents Nef-induced
CD4 lysosomal targeting (Piguet et al., 1999). Furthermore, in a CHO cell line derivative containing
a temperature sensitive mutant of one subunit of the COP I coatomer (Guo et al., 1996), Nef is unable
to direct CD4 to lysosomes. These results suggest not only an explanation for this step of transport but
also reveal Nef as the first demonstrated endosomal cargo for the COP I coatomer (Piguet et al., 1999).
However, β-COP does not seem the sole Nef partner implicated in this process. Indeed, additional
cellular proteins strongly regulate the interaction of Nef with the COP I coatomer (Piguet et al., 1999).

In summary, a combination of functional, biochemical and structural analyses point to a model in
which HIV-1 Nef contains at least four distinct determinants crucial for efficient CD4 downregulation,
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each carrying out one step of this process. The N-terminal myristoylation signal directs Nef to mem-
branes, its primary site of action. A second domain, centered around amino acids 57 to 59, binds the
CD4 cytoplasmic tail. A third motif, which includes the LL165 dipeptide, is responsible for recruiting
adaptor complexes, thereby triggering the formation of CD4-specific CCP which rapidly internalize the
receptor. The nearby DD174 dipeptide binds to a subunit of the V-ATPase that might facilitate AP-2
recruitment. Finally, the EE155 diacidic sequence mediates the binding of Nef to COP I in endosomes,
and as a result governs the lysosomal targeting and degradation of Nef-associated CD4 molecules. More
schematically, the CD4 binding domain is concentrated in the N-terminal flexible loop and the core
domain of Nef, whereas the recruitment of the downstream partners AP and COP I is mediated by a
C-terminal flexible loop.

Recently, some light has been shed on the role of CD4 downregulation in the HIV replicative
cycle. Indeed, high levels of CD4 on the surface of HIV-producing cells inhibit the infectivity of released
virions by trapping the viral envelope. Nef, and to a lesser extent Vpu, another CD4-downregulating
protein of HIV-1, counteract this negative effect of CD4 (Lama et al., 1999). Very high CD4 levels might
even block virion release from HIV-1 infected cells (Ross et al., 1999). Other benefits of Nef-induced
CD4 downregulation could stem from the liberation of Lck that accompanies the binding of Nef to the
CD4 cytoplasmic tail. Increased levels of free Lck could promote T cell activation, thereby creating a
milieu favorable for viral gene expression. Finally, CD4 downregulation could prevent potentially lethal
superinfection events. Of note, these effects are not mutually exclusive, and together might explain
why Nef-induced CD4 downregulation is so well conserved amongst primate lentiviruses.

MHC class I downregulation: mysterious paths

Nef induced-MHC class I downregulation is less efficient than the modulation of CD4, and its
mechanism is less well understood. A tyrosine found in the cytoplasmic tails of HLA-A and B, but not
of HLA-C, is critical for response to Nef (Le Gall et al., 1998). In the presence of the viral protein,
MHC class I is internalized more rapidly, routed to the trans Golgi network, and ultimately degraded
(Greenberg et al., 1998; Le Gall et al., 1998; Schwartz et al., 1996). Residues in Nef essential for
MHC class I downmodulation are distinct from those necessary for CD4 downregulation (Greenberg
et al., 1998; Mangasarian et al., 1999). Regions of Nef implicated in alterating intracellular signalling
pathways, such as the N-terminal alpha-helix, the proximal acidic cluster and the proline-based repeat,
are also important for Nef-induced MHC class I regulation. In spite of this, MHC downregulation
by Nef does not seem to involve the phosphorylation of the receptor and is not blocked by tyrosine
kinase inhibitors. The AP recruiting motif of Nef (LL165 ), essential for regulating CD4, is completely
dispensable for MHC class I modulation (Greenberg et al., 1998; Mangasarian et al., 1999). This data
suggests that Nef affects CD4 and MHC class I with the help of different cellular partners, which remain
to be identified.

While the mechanism of Nef-induced MHC class I downmodulation is still uncertain, its biological
significance is better understood. Indeed, MHC I presents antigenic peptides on the cell surface and
permits the recognition and killing of cells expressing foreign proteins by cytotoxic T lymphocytes
(CTL). Nef allows HIV-infected cells to evade CTL, at least to some extent (Collins et al., 1998). Of
note, Nef is unable to induce HLA-C downregulation. This allows infected cells to escape natural killer
(NK) cells that would attack a cell completely devoid of surface MHC class I (Cohen et al., 1999).
In vivo, a strong CTL response is observed against viral epitopes (including Nef). Nevertheless, HIV
infection cannot be controlled by the immune system, suggesting that immune evasion is crucial in the
course of the disease (reviewed in (McMichael, 1998)).

Nef, kinases and signaling alterations

Nef can recruit several protein kinases involved in cell signaling. For example, Nef interacts
directly with the SH3 domain of the Hck and Lyn non-receptor protein tyrosine kinases via a conserved
PxxP motif in its core domain, as demonstrated by both structural and biochemical data (Lee et al.,
1996; Saksela et al., 1995). Another partner of Nef is the T cell-specific Lck tyrosine kinase, apparently
bound via both the N-terminus and the central region of the viral protein (Baur et al., 1997). Nef
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also interacts with a member of the p-21 activated kinase (PAK) family (Sawai et al., 1996) as well
as with another yet unidentified serine/threonine kinase, and with the theta subunit of protein kinase C
(Smith et al., 1996);. Finally Nef can recruit Vav, a guanine nucleotide exchange factor (GEF) for the
Rho-family GTpases, that in turn activates PAK and additional downstream effectors of Nef including
cdc42 and Rac1(Fackler et al., 1999). Several additional signaling-involved molecules associate with
HIV-1 Nef, including Raf1 and the TCRζ (Hodge et al., 1998; Xu et al., 1999). Nef binding to TCRζ
seems to induce an up-regulation of FAS ligand, which could further contribute to HIV immune evasion
by killing cytotoxic T cells that come into contact with virus infected cells (Xu et al., 1997).

These multiple interactions place Nef at the heart of cellular activation pathways. Several recent
studies point towards a model in which Nef sensitizes T cells to activation via the TCR. In transgenic
mice, expression of the full HIV-1 viral genome under the control of the CD4 promoter triggered a
disease reminiscent of AIDS (Hanna et al., 1998). The major determinant of pathogenicity was Nef,
which induced the activation and hyperresponsiveness of thymocytes to anti-CD3 antibody stimulation,
thereby promoting the tyrosine phosphorylation of several substrates, including LAT and MAPK (Hanna
et al., 1998). Another hint for the Nef-induced activation of T cells came from particular SIV Nef variants
that harbor amino acid sequences resembling immunoreceptor tyrosine-based activation motifs. Viruses
carrying these nef alleles could replicate to high levels in peripheral blood mononuclear cells without
a need for exogenous stimulation, and could induce IL-2 production (Du et al., 1995). Similarly in
human primary T lymphocytes HIV-1 Nef can induce a state of TCR hyperresponsiveness (Schrager and
Marsh, 1999; Wang et al., 2000). Finally, in Jurkat human T lymphoid cells, the surface expression of a
CD8-Nef chimera resulted in the appearance of T cell activation markers, in the accumulation of tyrosine
phosphorylated proteins, in the induction of NF-kB activity and, ultimately, in cell death by apoptosis. In
contrast, the intracytoplasmic accumulation of the CD8-Nef chimera was accompanied by inhibition of
TCR signaling (Baur et al., 1994). This points to a spatial regulation of Nef activity. In that respect, Nef
was recently found to associate with membrane microdomains known as rafts (Wang et al., 2000). Rafts
represent discrete subdomains of the plasma membrane that concentrate glycophosphatidylinositol-
linked proteins, glycosphingolipids, and mediators of T cell activation, including Lck, Fyn and LAT.
The presence of Nef in rafts is therefore most likely central to its ability to prime the T cell for activation.

In monkeys, an SIV strain encoding a Nef protein that contained an SH2 binding domain in its N-
terminus induced lymphocyte activation in tissue culture and a rapidly progressive disease in monkeys
(Du et al., 1995). SIV mutants containing alterations in a central di-arginine motif involved in PAK
recruitment initially generated low levels of viremia, but quickly reverted to a wild-type genotype and
to full virulence (Sawai et al., 1996). Of note, mutations in these residues also affect Nef-induced CD4
downregulation, complicating the interpretation of this result. SIV strains with mutations in the proline
rich domain important for interaction with Fyn and Hck induced opposite phenotypes in two distinct
studies (Khan et al., 1998; Lang et al., 1997). However the general trend in both animal models and in
vitro experiments support a model where Nef sensitizes T cells to an activation via their TCR, rendering
them more susceptible to efficient viral replication.

Additionally, Nef is also able to promote the production, by HIV-1-infected macrophages, of
macrophage inflammatory proteins (MIP) 1α and 1β, and of an as yet unidentified mediator of T cell
activation. These chemokines then induce the chemotaxis and activation of nearby resting T lympho-
cytes, facilitating their subsequent infection (Swingler et al., 1999).

Nef boosting virion infectivity

In single-round infectivity assays, Nef-defective viruses produced from CD4-negative cells are
from three to ten times less infectious than wild type particles. Additionally, Nef-mutated virions show
a severe growth defect in primary blood lymphocytes infected while resting and subsequently activated
(Miller et al., 1994; Spina et al., 1994). Nef can thus enhance the infectivity of HIV-1 virions. At least
two distinct mechanisms seem involved. First, Nef stimulates HIV-1 infectivity in a CD4-independent
manner. Second, as described above, Nef-induced CD4 downregulation counterbalances the inhibitory
effect that high levels of cell surface CD4 can exert on virion release and envelope incorporation (Lama
et al., 1999; Ross et al., 1999).
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The CD4-independent stimulation of virion infectivity by Nef translates in a more efficient syn-
thesis of proviral DNA after virions penetrate target cells (Aiken and Trono, 1995; Schwartz et al.,
1995). However, the Nef requirement is conditioned by the route of viral entry. Nef is thus completely
dispensable if HIV-1 particles are pseudotyped with the G protein of vesicular stomatitis virus, that
is, are internalized via receptor-mediated endocytosis rather than by fusion at the plasma membrane
(Aiken, 1997).

The biochemical events that underlie Nef-induced stimulation of HIV-1 infectivity are still ob-
scure. Viruses expressing HIV-1 Nef variants mutated in the LL165 dileucine motif are impaired for
both infectivity and Nef-mediated CD4 downregulation (Craig et al., 1998). Residues necessary for
association with cellular protein kinases are also important for this effect of the viral protein: a proximal
sequence extending between amino acids 17 and 26, and the proline-rich region in the central core of
the viral protein (Baur et al., 1997; Saksela et al., 1995). Furthermore, an arginine dipeptide involved
in recruiting PAK contributes to both CD4-dependent and CD4-independent enhancement of virion
infectivity. Interestingly, an HIV-1 strain mutated in this di-arginine motif and unable to recruit PAK
had lower levels of serine phosphorylation of matrix, one of the main structural components of the
virion (Swingler et al., 1997). There are also indications that a cellular kinase of the MAPK family is
incorporated into virions (Jacque et al., 1998). This kinase can induce the phosphorylation of the viral
matrix protein, which in turn might increase viral infectivity at a point preceding the transcriptional
activation of the provirus. Moreover, virus infectivity is enhanced by treatment of cells with MAPK
stimulators, such as phorbol myristate acetate, as well as by coexpression of constitutively active MEK
(MAPK kinase). Treatment of cells with a specific inhibitor of MAPK activation, or with a MAPK
antisense oligonucleotide reduces the infectivity of HIV-1 virions without significantly affecting virus
production (Yang and Gabuzda, 1999).

Between 60 and 200 molecules of HIV-1 Nef are incorporated in virions, where most are cleaved by
the viral protease between residues 57 and 58 and associate with the viral core (Kotov et al., 1999). The
functional significance of Nef cleavage is unclear, because a proteolysis-resistant mutant (WL58 AA)
is still able to enhance infectivity. Moreover SIV Nef, which is not cleaved by the HIV-1 protease, can
also stimulate virion infectivity (Chen et al., 1998; Freund et al., 1994; Pandori et al., 1996; Welker et
al., 1996). The exact roles of the virion incorporation of Nef and of its cleavage by the viral protease
thus need further clarification.

Conclusion

Nef, as an important factor in the pathogenesis of AIDS, is an attractive target not only for basic
investigation, but also for drug discovery (reviewed in (Miller and Sarver, 1995)). The structural data
offer some clues as to how inhibitory molecules could be developed. A compound that blocks the PxxP
domain of Nef would be expected to have a dually beneficial effect. Not only would viral replication
be slowed down, but infected cells would be more efficiently recognized by the immune response. The
structural analyses reveal that the PxxP-based pocket of Nef is distinct from related cellular determinants
involved in recognizing SH3-containing proteins, as these motifs are usually constituted of continuous
amino acids (Grzesiek et al., 1996). This unique feature of Nef could allow the development of drugs
that would inhibit the viral protein while sparing its cellular homologues.

In a more fundamental perspective, Nef is at the interface between HIV and its host cell. Inves-
tigating the mechanisms of Nef action therefore provides important information not only on the virus
itself, but also on pathways that govern cellular events such as protein trafficking and signal transduc-
tion. The study of Nef can thus help to elucidate biological processes that are keys to the homeostasis
and survival of the cell.
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                      10         20         30         40         50         60         70
              1               2                3

                
B.FR.LAI     MGGKWSKSSV IGWPTVRERM RRAE------ ----PAADRV GAASRDLEKH GAITSSNTAA TNAAC----- 

A.KE.Q23-C   MGGKWSKSSI VGWPEIRERM RRAP------ ----PAAPGV GAVSQDLDKH GAVTSKNI-- NHPSY----- 
B.US.SF2     MGGKWSKRSM GGWSAIRERM RRAEPRA--- ---EPAADGV GAVSRDLEKH GAITSSNTAA TNADC----- 
C.ET.ETH22   MGGTMSKCSP VGWPAIRERI RRAA------ ----PAAEGV GAASRDLDKY GALTSSNTPA NNPDC----- 
D.ZR.ELI     MGGKWSKSSI VGWPAIRERI RRTN------ ----PAADGV GAVSRDLEKH GAITSSNTAS TNADC----- 
AE.TH.240-   MGSKWSKSSI VGWPQVREKI KQTP------ ----PATEGV GAVSQDLDKH GAITSSNI-- DNADC----- 
F.BR.93BR0   MGGKWSKSSI VGWPAIRERM RRTPPT---- ---PPAAEGV GAVSQDLERR GAITSSNTRA NNPDL----- 
G.SE.SE616   MGGKWSKSSI VGWPEVRERI RNTP------ ----TAAEGV GAVSQDLDRH GAITSSNTAA NNPDC----- 
H.BE.VI991   MGGKWSKGCI SGWPAVRERI RQTE------ ----PAAEGV GAVSQDLDRR GAVTINNIAS NNADS----- 
J.SE.SE928   MGNKWSKS-- --WPQVRERM RRAP------ ---APAADGV GAVSQDLAKH GAITSSNTAA TNADC----- 
N.CM.YBF30   MGKIWSKSSL VGWPEIRERM RRQTQEPAV- ---EP-AVGA GAASQDLANR GAITIRNTRD NNESI----- 
O.CM.ANT70   MGNALRKGKF EGWAAVRERM RRTRTFPES- ---EPCAPGV GQISRELAAR GGIPSSHTPQ NNAAL----- 
O.CM.MVP51   MGNAWSKSKF AGWSEVRDRM RRSSSDPQ-- ---QPCAPGV GAVSRELATR GGISSSHTPQ NNAAL----- 

SIVcpzUS     MGNKWSKSSI VGWPEVRNRL RQTQT----- ---TAAAEGV GPVSQDLAEH GAITTRNTPQ NNQTL----- 
CPZGAB       MGTKWSKSSL VGWPEVRRRI REAP------ ----TAAEGV GEVSKDLERH GAITSRNTPE TNQTL----- 

AGMVER_TYO   MGSQNSKPAH KKYSKLWQAL HKTH------ ----VTRYGL LADPLIGTSS TVQE------ ---ECDKALR 
AGMGRI_677   MGSSNSKRQQ QGLLKLWRGL RGKP------ ----GADWVL LSDPLIGQSS TVQE------ ---ECGKALK 
HIV-2 A_RO   MGASGSKKHS RPPRGLQERL LRAR------ ----AGACGG YWNESGGEYS RFQEGSDREQ KSPSCEGRQY 
SD_MM239     MGGAISMRRS RPSGDLRQRL LRAR------ ----GETYGR LLGEVEDGYS QSPGGLDKGL SSLSCEGQKY 
STM_STM      MGASGSKKQR KQHGELRERL LRAR------ ----GETYGK LLEGLGEGSG PSQGASDKGL NSHSCEPQRY 
AGMTAN_TAN   MGGSNSKREQ QGLLRLWRAL RKAP------ ----VVRYGM LADPLIGQSS NIQ------- --EECDKNWN 

                      80         90        100        110       120         130        140

                                          4     5         6
           
B.FR.LAI     ---------- ---------- ------AWLE AQ-EEE-EVG FPVTPQVPLR PMTYKAAVDL SHFLKEKGGL 

A.KE.Q23-C   ---------- ---------- ------AWLE AQ-EDE-DVG FPVRPQVPLR PMTYKGAVDL SHFLKKKGGL 
B.US.SF2     ---------- ---------- ------AWLE AQ-EEE-EVG FPVRPQVPLR PMTYKAALDI SHFLKEKGGL 
C.ET.ETH22   ---------- ---------- ------AWLE AQ-EEEEEVG FPVRPQVPLR PMTYKAAFDL SLFLKEKGGL 
D.ZR.ELI     ---------- ---------- ------AWLE AQ-EESDEVG FPVRPQVPLR PMTYKEALDL SHFLKEKGGL 
AE.TH.240-   ---------- ---------- ------VWLR AQ-EDE-EVG FPVMPQVPLR PMTYKGAFDL SFFLKEKGGL 
F.BR.93BR0   ---------- ---------- ------AWLE AQ-EED-EVG FPVRPQVPLR PMTYKGAVDL SHFLKEKGGL 
G.SE.SE616   ---------- ---------- ------AWLE AQ-EEDSEVG FPVRPQVPLR PMTFKGAFDL SFFLKEKGGL 
H.BE.VI991   ---------- ---------- ------AWLE AQ-EEEEEVG FPVRPQVPLR PMTYKGAFDL SHFLKEKGGL 
J.SE.SE928   ---------- ---------- ------AWLE AQ-TEE-EVG FPVKPQIPLR PMTYKGAVDL SFFLKEKGGL 
N.CM.YBF30   ---------- ---------- ------AWLE AQ-EEEEEVG FPVRPQVPLR PITYKQAFDL SFFLKDKGGL 
O.CM.ANT70   ---------- ---------- ------AFLE SH-QEE-EVG FPVAPQVPLR PMTYKGAFDL SFFLKEKGGL 
O.CM.MVP51   ---------- ---------- ------AFLD SH-KDE-DVG FPVRPQVPLR PMTFKAAFDL SFFLKEKGGL 

SIVcpzUS     ---------- ---------- ------AWLD EMTNHESEVG FPVRPQVPLR PMTYKQAFDL GFFLKEKGGL 
CPZGAB       ---------- ---------- ------AWLE EM-DNE-EVG FPVRPQVPTR PMTYKAAFDL SHFLKEKGGL 

AGMVER_TYO   KSLIRKQNGN MTEEE----R RLQEGDTW-E EWSDDEEEVG FPVRPRVPLR QMTYKLAVDF SHFLKEKGGL 
AGMGRI_677   KSW---GKGK MTPDG----R RLQEGDTF-D EWDDDEEEVG FPVQPRVPLR QMTYKLAVDF SHFLKSKGGL 
HIV-2 A_RO   QQGDFMNTPW KDPAAEREKN LYRQQNMD-D VDSDDDDQVR VSVTPKVPLR PMTHRLAIDM SHLIKTRGGL 
SD_MM239     NQGQYMNTPW RNPAEEREKL AYRKQNMD-D IDE$DDDLVG VSVRPKVPLR TMSYKLAIDM SHFIKEKGGL 
STM_STM      NEGQFMNTPW KNPAAESAKL EYRQQNMD-D VDEEDDNLVG VAVHPRVPLR EMTYKLAIDL SHFIKSKGGL 
AGMTAN_TAN   GGS----TRR GKSTPEGRKL AA--DDTW-D DWEPEEEEVG FPVRPRVPLR QMTYKLAVDF SHFLKEKGGL 

Sequence alignment of Nef proteins from HIV-1, HIV-2 and SIV isolates, in single-letter amino acid code, with 
conserved residues identified as playing a role in specific Nef functions indicated with colors

Bold numbers on top refer to the following: 1: myristoylation site. 2: N-terminal α-helix (MHC I downregulation + 
protein kinase recruitment). 3: tyrosine-based AP recruitment (HIV-2/SIV Nef). 4: heart of CD4 binding site 
(characterized only for HIV-1 Nef). 5: acidic cluster (MHC-I downregulation).6: proline-based repeat (MHC-I 
downregulation + SH3 binding).

CD4 downregulation + MHC I downmodulation + 
association with signaling molecules

CD4 downregulation 

MHC I downmodulation

MHC I downmodulation + 
association with signaling molecules
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                     150        160        170        180        190        200        210

            7                                        8        9
          
B.FR.LAI     EGLIHSQRRQ DILDLWIYHT QGYFPD$QNY TPGPGVRYPL TFGWCYKLVP VEPDKIEEAN KG-ENTSLLH 

A.KE.Q23-C   DGLVYSRKRQ EILDLWVYHT QGYFPDWQNY TPGPGTRFPL TFGWCFKLVP VDPDEVEKAT EG-ENNSLLH 
B.US.SF2     EGLIWSQRRQ EILDLWIYHT QGYFPDWQNY TPGPGIRYPL TFGWCFKLVP VEPEKVEEAN EG-ENNSLLH 
C.ET.ETH22   EGLIYSKKRQ EILDLWVYNT QGFFPDWQNY TPGPGVRYPL TFGWCFKLVP VDPSEVEEIN EG-ENNCLLH 
D.ZR.ELI     EGLIWSKKRQ EILDLWVYNT QGIFPDWQNY TPGPGIRYPL TFGWCYELVP VDPQEVEEDT EG-ETNSLLH 
AE.TH.240-   DGLIYSKKRQ EILDLWVYNT QGFFPDWQNY TPGPGIRFPL CFGWCFKLVP VDQREVEEDN KG-ENNCLLH 
F.BR.93BR0   EGLIYSKRRQ EILDLWVYHT QGYFPDWQNY TPGPGIRYPL TMGWCFKLVP VDPEEVEKAN EG-ENNCLLH 
G.SE.SE616   DGLIYSKKRQ EILDLWVYNT QGYFPDWQNY TPGPGTRFPL TFGWCFKLVP MDPAEVEEAN KG-ENNSLLH 
H.BE.VI991   EGLIYSKKRQ EILDLWVYNT QGYFPDWHNY TPGPGERYPL TFGWCFKLVP VDPQDVEKAN EG-ENNSLLH 
J.SE.SE928   DGLIYSKKRQ EILDLWVHNT QGYFPDWQNY TPGPGIRYPL TFGWCYKLVP VDPSEVEEAN EG-ENNCLLH 
N.CM.YBF30   EGLVWSRKRQ DILDLWMYHT QGILPDWHNY TPGPGIRYPV TFGWCFKLVP LSAEEVEEAN EG-DNNALLH 
O.CM.ANT70   EGLIYSHKRA EILDLWVYNT QGFFPDWQNY TPGPGTRFPL TFGWLFKLVP VSEEEAERLG NTCERANLLH 
O.CM.MVP51   DGLIYSHKRA EILDLWIYHT QGFFPDWQCY TPGPGPRFPL TFGWLFKLVP VSAEEAERLG NTNEDASLLH 

SIVcpzUS     EGLVYSRRRQ EILDLWVYHT QGIFPDWQNY TPGPGVRYPL TYGWCFKLVP LTEEEVEQAN KG-ETNILLH 
CPZGAB       EGLVYSRRRQ EILDLWVYHT QGFFPDWQNY TTGPGTRFPL CFGWCFKLVP LTEEQVEQAN EG-DNNCLLH 

AGMVER_TYO   DGIYYSDRRN KILNLYALNE WGIIDDWNAW SKGPGIRFPK CFGFCFKLVP VDLHEEAQTC E---RHCLVH 
AGMGRI_677   DGIYYSERRE KILNLYALNE WGIIDDWQAY SPGPGIRYPR VFGFCFKLVP VDLHEEARNC E---RHCLMH 
HIV-2 A_RO   EGMFYSERRH KILNIYLEKE EGIIADWQNY THGPGVRYPM FFGWLWKLVP VDVPQEGEDT E---THCLVH 
SD_MM239     EGIYYSARRH RILDIYLEKE EGIIPDWQDY TSGPGIRYPK TFGWLWKLVP VNVSDEAQED E---EHYLMH 
STM_STM      EGIYYSERRH RILDMYLEKE EGIVPDWQNY TAGPGIRYPK QFGWLWKLVP VDMSNEAQED DG--THYLVH 
AGMTAN_TAN   EGIYWSPKRE QILNLYALNE WGIIDDWQAY SPGPGTRKPR CFGFCFELVP VDVSQEAQDE ----RHCLLH 
 
                     220        230        240        250         260       270        280

                 10
          
B.FR.LAI     PVSLHGMDDP E----REVLE WRFDSRLAFH HVARELHPEY F----KNC$

A.KE.Q23-C   PICQHGMDDE E----REVLK WKFDSRLALK HRARELHPEW Y----KDC$ 
B.US.SF2     PMSLHGMEDA E----KEVLV WRFDSKLAFH HMARELHPEY Y----KDC$ 
C.ET.ETH22   PASLHGMEDE D----REVLK WKFDSHLARR HMARELHPEY Y----KDC$ 
D.ZR.ELI     PICQHGMEDP E----RQVLK WRFNSRLAFE HKAREMHPEF Y----KN$$ 
AE.TH.240-   PMSQHGIEDE E----REVLM WKFDSALARK HVAREQHPEY Y----KDC$ 
F.BR.93BR0   PMSQHGMEDE D----KEVLK WEFDSRLALR HIARERHPEY Y----QD$
G.SE.SE616   PICQHGMEDE D----REVLV WRFDSSLARR HIARELHPEY Y----KDC$ 
H.BE.VI991   PMCQHGIEDP E----REVLM WKFDSRLALR HRAKELHPEF Y----KDC$
J.SE.SE928   PICQHGIEDE E----REVLQ WKFDSSLARR HIARELHPEF Y----KDC$ 
N.CM.YBF30   PICQHGADDD H----KEVLV WRFDSSLARR HVARELHPEF Y----KNC$ 
O.CM.ANT70   PACAHGFEDT H----KEILM WKFDRSLGNT HVAMITHPE# SSRRTKNC$ 
O.CM.MVP51   PACNHGAEDA ##---GEILK WQFDRSLGLT HIALQKHPE# SS---PSN$ 

SIVcpzUS     PMCQHGMEDE H----GEVLI WQFDTELARR HRAKELHPEY F----RN$ 
CPZGAB       PICQHGMEDE D----KEVLV WRFDSRLALR HIAREQHPEY Y----KD$ 

AGMVER_TYO   PAQ-MG-EDP DGISHGEILV WKFDPMLAIQ YDPNRE---Y F----TDMHG LVKRK 
AGMGRI_677   PAQ-MG-EDP DGIDHGEVLV WKFDPKLAVE YRPDM----- F----KDMHE HAKR
HIV-2 A_RO   PAQTSKFDDP H----GETLV WEFDPLLAYS YEAFIRYPEE FGHKSGLPEE EWKARLKARG IPFS
SD_MM239     PAQTSQWDDP W----GEVLA WKFDPTLAYT YEAYVRYPEE FGSKSGLSEE EVRRRLTARG LLNMADKKET
STM_STM      PAQTHQWDDP W----GEVLV WKFDPLLAHT YEAFVRHPEE FGSKSGLPKE EVERRLTARG LLKMADKKET
AGMTAN_TAN   PAQIEWESDP W----KETLV WKFNPLLAVQ YNPD-SFKDM HG-------- LVKRK$ 

Sequence alignment of Nef proteins continued. Conserved residues identified as playing a role in specific Nef functions 
indicated with colors

Bold numbers on top refer to the following: 7: PAK binding. 8: COP I recruitment. 9: di-leucine based AP recruitment 
(HIV-1 Nef).  10: V-ATPase and Raf-1 binding.

CD4 downregulation + association with signaling moleculesCD4 downregulation 

association with signaling molecules



R
ev

ie
w

s

Nef Protein 455

References

Aiken, C. (1997). Pseudotyping human immunodeficiency virus type 1 (HIV-1) by the glycoprotein
of vesicular stomatitis virus targets HIV-1 entry to an endocytic pathway and suppresses both the
requirement for Nef and the sensitivity to cyclosporin A. J Virol 71, 5871–7.

Aiken, C., Konner, J., Landau, N. R., Lenburg, M. E., and Trono, D. (1994). Nef induces CD4
endocytosis: requirement for a critical dileucine motif in the membrane-proximal CD4 cytoplasmic
domain. Cell 76, 853–64.

Aiken, C., and Trono, D. (1995). Nef stimulates human immunodeficiency virus type 1 proviral DNA
synthesis. J Virol 69, 5048–56.

Arold, S., Franken, P., Strub, M. P., Hoh, F., Benichou, S., Benarous, R., and Dumas, C. (1997). The
crystal structure of HIV-1 Nef protein bound to the Fyn kinase SH3 domain suggests a role for this
complex in altered T cell receptor signaling. Structure 5, 1361–72.

Barnham, K. J., Monks, S. A., Hinds, M. G., Azad, A. A., and Norton, R. S. (1997). Solution structure
of a polypeptide from the N terminus of the HIV protein Nef. Biochemistry 36, 5970–80.

Baur, A. S., Sass, G., Laffert, B., Willbold, D., Cheng, M. C., and Peterlin, B. M. (1997). The N-
terminus of Nef from HIV-1/SIV associates with a protein complex containing Lck and a serine
kinase. Immunity 6, 283–91.

Baur, A. S., Sawai, E. T., Dazin, P., Fantl, W. J., Cheng, M. C., and Peterlin, B. M. (1994). HIV-1 Nef
leads to inhibition or activation of T cells depending on its intracellular localization. Immunity 1,
373–84.

Benichou, S., Bomsel, M., Bodéus, M., Durand, H., Douté, M., Letourneur, F., Camonis, J., and
Benarous, R. (1994). Physical interaction of the HIV-1 Nef protein with β-COP, a component of
non-clathrin-coated vesicles essential for membrane traffic. J Biol Chem 269, 30073–6.

Bresnahan, P. A., Yonemoto, W., Ferrell, S., Williams-Herman, D., Geleziunas, R., and Greene, W. C.
(1998). A dileucine motif in HIV-1 Nef acts as an internalization signal for CD4 downregulation
and binds the AP-1 clathrin adaptor. Current Biology 8, 1235–1238.

Bresnahan, P. A., Yonemoto, W., and Greene, W. C. (1999). Cutting edge: SIV nef protein utilizes both
leucine- and tyrosine-based protein sorting pathways for down-regulation of CD4. J Immunol 163,
2977–81.

Chen, Y. L., Trono, D., and Camaur, D. (1998). The proteolytic cleavage of human immunodeficiency
virus type 1 Nef does not correlate with its ability to stimulate virion infectivity. J Virol 72, 3178–84.

Cohen, G. B., Gandhi, R. T., Davis, D. M., Mandelboim, O., Chen, B. K., Strominger, J. L., and
Baltimore, D. (1999). The selective downregulation of Class I Major Histocompatibility Complex
proteins by HIV-1 protects HIV-Infected cells from NK cells. Immunity 10, 661–671.

Collins, K. L., Chen, B. K., Kalams, S. A., Walker, B. D., and Baltimore, D. (1998). HIV-1 Nef protein
protects infected primary cells against killing by cytotoxic T lymphocytes. Nature 391, 397–401.

Craig, H. M., Pandori, M. W., and Guatelli, J. C. (1998). Interaction of HIV-1 nef with the cellular
dileucine-based sorting pathway is required for CD4 down-regulation and optimal viral infectivity.
Proc Natl Acad Sci U S A 95, 11229–34.

Cullen, B. R. (1998). HIV-1 auxiliary proteins: making connections in a dying cell. Cell 93, 685–92.

Daro, E., Sheff, D., Gomez, M., Kreis, T., and Mellman, I. (1997). Inhibition of endosome function in
CHO cells bearing a temperature- sensitive defect in the coatomer (COPI) component epsilon-COP.
J Cell Biol 139, 1747–59.

Deacon, N. J., Tsykin, A., Solomon, A., Smith, K., Ludford, M. M., Hooker, D. J., McPhee, D. A.,
Greenway, A. L., Ellett, A., Chatfield, C., and et, a. l. (1995). Genomic structure of an attenuated
quasi species of HIV-1 from a blood transfusion donor and recipients [see comments]. Science 270,
988–91.



R
ev

ie
w

s

456 Nef Protein

Du, Z., Lang, S. M., Sasseville, V. G., Lackner, A. A., Ilyinskii, P. O., Daniel, M. D., Jung, J. U., and
Desrosiers, R. C. (1995). Identification of a nef allele that causes lymphocyte activation and acute
disease in macaque monkeys. Cell 82, 665–74.

Duden, R., Griffiths, G., Frank, R., Argos, P., and Kreis, T. (1991). A 110 kD protein associated with
non clathrin coated vesicles and the Golgi complex shows homology to β-adaptin. Cell 64, 649–665.

Fackler, O. T., Luo, W., Geyer, M., Alberts, A. S., and Peterlin, B. M. (1999). Activation of Vav by Nef
induces cytoskeletal rearrangements and downstream effector functions. Mol Cell 3, 729–39.

Freund, J., Kellner, R., Konvalinka, J., Wolber, V., Kräusslich, H. G., and Kalbitzer, H. R. (1994). A
possible regulation of negative factor (Nef) activity of human immunodeficiency virus type 1 by the
viral protease. Eur J Biochem 223, 589–93.

Garcia, J., and Miller, A. (1991). Serine phosphorylation independent downregulation of cell surface
CD4 by Nef. Nature 350, 508–511.

Greenberg, M., DeTulleo, L., Rapoport, I., Skowronski, J., and Kirchhausen, T. (1998). A dileucine
motif in HIV-1 Nef is essential for sorting into clathrin-coated pits and for downregulation of CD4.
Current Biology 8, 1239–1242.

Greenberg, M. E., Iafrate, A. J., and Skowronski, J. (1998). The SH3 domain-binding surface and an
acidic motif in HIV-1 Nef regulate trafficking of class I MHC complexes. EMBO J 17, 2777–2789.

Greenway, A., Azad, A., and McPhee, D. (1995). Human immunodeficiency virus type 1 Nef protein
inhibits activation pathways in peripheral blood mononuclear cells and T-cell lines. J Virol 69,
1842–50.

Grzesiek, S., Bax, A., Clore, G. M., Gronenborn, A. M., Hu, J. S., Kaufman, J., Palmer, I., Stahl, S.
J., and Wingfield, P. T. (1996). The solution structure of HIV-1 Nef reveals an unexpected fold and
permits delineation of the binding surface for the SH3 domain of Hck tyrosine protein kinase. Nat
Struct Biol 3, 340–5.

Grzesiek, S., Bax, A., Hu, J., Kaufman, J., Palmer, I., Stahl, S., Tjandra, N., and Wingfield, P. (1997).
Refined solution structure and backbone dynamics of HIV-1 Nef. Protein Sci 6, 1248–1263.

Grzesiek, S., Stahl, S. J., Wingfield, P. T., and Bax, A. (1996). The CD4 determinant for downregulation
by HIV-1 Nef directly binds to Nef. Mapping of the Nef binding surface by NMR. Biochemistry 35,
10256–61.

Gu, F., Aniento, F., Parton, R. G., and Gruenberg, J. (1997). Functional dissection of COP-I subunits
in the biogenesis of multivesicular endosomes. J Cell Biol 139, 1183–95.

Guo, Q., Penman, M., Trigatti, B. L., and Krieger, M. (1996). A single point mutation in ε-COP
results in temperature- sensitive, lethal defects in membrane transport in a Chinese hamster ovary
cell mutant. J Biol Chem 271, 11191–6.

Guy, B., Kieny, M., Riviere, Y., Peuch, C., Dott, K., Girard, M., Montagnier, L., and Lecocq, J. (1987).
HIV F/3′ orf encodes a phosphorylated GTP-binding protein resembling an oncogene product.
Nature 330, 266–69.

Hanna, Z., Kay, D. G., Rebai, N., Guimond, A., Jothy, S., and Jolicoeur, P. (1998). Nef Harbors a Major
Determinant of Pathogenicity for an AIDS-like Disease Induced by HIV-1 in Transgenic Mice. Cell
95, 163–175.

Harris, M. P., and Neil, J. C. (1994). Myristoylation-dependent binding of HIV-1 Nef to CD4. J Mol
Biol 241, 136–42.

Hodge, D. R., Dunn, K. J., Pei, G. K., Chakrabarty, M. K., Heidecker, G., Lautenberger, J. A., and
Samuel, K. P. (1998). Binding of c-Raf1 kinase to a conserved acidic sequence within the carboxyl-
terminal region of the HIV-1 Nef protein. J Biol Chem 273, 15727–33.

Hua, J., and Cullen, B. (1997). Human immunodeficiency virus types 1 and 2 and simian immunodefi-
ciency virus Nef use distinct but overlapping target sites for downregulation of cell surface CD4. J
Virol 71, 6742–6748.



R
ev

ie
w

s

Nef Protein 457

Jacque, J. M., Mann, A., Enslen, H., Sharova, N., Brichacek, B., Davis, R. J., and Stevenson, M. (1998).
Modulation of HIV-1 infectivity by MAPK, a virion-associated kinase. EMBO J 17, 2607–18.

Kestler, H., Ringler, D., Mori, K., Panicali, D., and Desrosiers, R. (1991). Importance of the nef gene
for maintainance of high viral loads and for development of AIDS. Cell 65, 651–662.

Khan, I. H., Sawai, E. T., Antonio, E., Weber, C. J., Mandell, C. P., Montbriand, P., and Luciw, P. A.
(1998). Role of the SH3-ligand domain of simian immunodeficiency virus Nef in interaction with
Nef-associated kinase and simian AIDS in rhesus macaques. J Virol 72, 5820–30.

Kim, Y. H., Chang, S. H., Kwon, J. H., and Rhee, S. S. (1999). HIV-1 Nef plays an essential role in
two independent processes in CD4 down-regulation: dissociation of the CD4-p56(lck) complex and
targeting of CD4 to lysosomes. Virology 257, 208–19.

Kirchhoff, F., Greenough, T. C., Brettler, D. B., Sullivan, J. L., and Desrosiers, R. C. (1995). Brief
report: absence of intact nef sequences in a long-term survivor with nonprogressive HIV-1 infection.
N Engl J Med 332, 228–32.

Klotman, M. E., Kim, S., Buchbinder, A., DeRossi, A., Baltimore, D., and Wong-Staal, F. (1991).
Kinetics of expression of multiply spliced RNA in early human immunodeficiency virus type 1
infection of lymphocytes and monocytes [published erratum appears in Proc Natl Acad Sci U S A
89, 1148]. Proc Natl Acad Sci U S A 88, 5011–5.

Kotov, A., Zhou, J., Flicker, P., and Aiken, C. (1999). Association of Nef with the human immunode-
ficiency virus type 1 core. J Virol 73, 8824–30.

Lama, J., Mangasarian, A., and Trono, D. (1999). Cell-surface expression of CD4 reduces HIV-1
infectivity by blocking env incorporation in a nef- and vpu-inhibitable manner. Curr Biol 9, 622–31.

Lang, S. M., Iafrate, A. J., Stahl-Hennig, C., Kuhn, E. M., Nisslein, T., Kaup, F. J., Haupt, M.,
Hunsmann, G., Skowronski, J., and Kirchhoff, F. (1997). Association of simian immunodeficiency
virus Nef with cellular serine/threonine kinases is dispensable for the development of AIDS in rhesus
macaques. Nat Med 3, 860–5.

Le Gall, S., Erdtmann, L., Benichou, S., Berlioz-Torrent, C., Liu, L., Benarous, R., Heard, J.-M., and
Schwarz, O. (1998). Nef interacts with the µ subunit of clathrin adaptor complexes and reveals a
cryptic sorting signal in MHC-I molecules. Immunity 8, 483–95.

Learmont, J. C., Geczy, A. F., Mills, J., Ashton, L. J., Raynes-Greenow, C. H., Garsia, R. J., Dyer, W. B.,
McIntyre, L., Oelrichs, R. B., Rhodes, D. I., Deacon, N. J., and Sullivan, J. S. (1999). Immunologic
and virologic status after 14 to 18 years of infection with an attenuated strain of HIV-1. A report
from the Sydney Blood Bank Cohort. N Engl J Med 340, 1715–22.

Lee, C. H., Saksela, K., Mirza, U. A., Chait, B. T., and Kuriyan, J. (1996). Crystal structure of the
conserved core of HIV-1 Nef complexed with a Src family SH3 domain. Cell 85, 931–42.

Lock, M., Greenberg, M. E., Iafrate, A. J., Swigut, T., Muench, J., Kirchhoff, F., Shohdy, N., and
Skowronski, J. (1999). Two elements target SIV nef to the AP-2 clathrin adaptor complex, but only
one is required for the induction of CD4 endocytosis. EMBO J 18, 2722–33.

Lu, X., Yu, H., Liu, S., Brodsky, F. M., and Peterlin, B. M. (1998). Interactions between HIV1 Nef and
Vacuolar ATPase Facilitate the Internalization of CD4. Immunity 8, 647–656.

Mangasarian, A., Foti, M., Aiken, C., Chin, D., Carpentier, J. L., and Trono, D. (1997). The HIV-1
Nef protein acts as a connector with sorting pathways in the Golgi and at the plasma membrane.
Immunity 6, 67–77.

Mangasarian, A., Piguet, V., Wang, J. K., Chen, Y., and Trono, D. (1999). Nef-induced CD4 and major
histocompatibility complex class I (MHC-I) down-regulation are governed by distinct determinants:
N-terminal alpha helix and proline repeat of Nef selectively regulate MHC-I trafficking. J Virol 73,
1964–73.

Mariani, R., Kirchhoff, F., Greenough, T. C., Sullivan, J. L., Desrosiers, R. C., and Skowronski, J.
(1996). High frequency of defective nef alleles in a long-term survivor with nonprogressive human
immunodeficiency virus type 1 infection. J Virol 70, 7752–64.



R
ev

ie
w

s

458 Nef Protein

Mariani, R., and Skowronski, J. (1993). CD4 down-regulation by nef alleles isolated from human
immunodeficiency virus type 1-infected individuals. Proc Natl Acad Sci U S A 90, 5549–53.

McMichael, A. (1998). T cell responses and viral escape. Cell 93, 673–6.

Miller, M. D., Warmerdam, M. T., Gaston, I., Greene, W. C., and Feinberg, M. B. (1994). The human
immunodeficiency virus-1 nef gene product: a positive factor for viral infection and replication in
primary lymphocytes and macrophages. J Exp Med 179, 101–13.

Miller, R. H., and Sarver, N. (1995). HIV accessory proteins: emerging therapeutic targets. Mol Med
1, 479–85.

Niederman, T. M., Hastings, W. R., and Ratner, L. (1993). Myristoylation-enhanced binding of the
HIV-1 Nef protein to T cell skeletal matrix. Virology 197, 420–5.

Orci, L., Palmer, D. J., Ravazzola, M., Perrelet, A., Amherdt, M., and Rothman, J. E. (1993). Budding
from Golgi membranes requires the coatomer complex of non- clathrin coat proteins. Nature 362,
648–52.

Pandori, M. W., Fitch, N. J., Craig, H. M., Richman, D. D., Spina, C. A., and Guatelli, J. C. (1996).
Producer-cell modification of human immunodeficiency virus type 1: Nef is a virion protein. J Virol
70, 4283–90.

Piguet, V., Chen, Y.-L., Mangasarian, A., Foti, M., Carpentier, J., and Trono, D. (1998). Mechanism of
Nef induced CD4 endocytosis: Nef connects CD4 with the µ chain of adaptor complexes. EMBO J
17, 2472–81.

Piguet, V., Gu, F., Foti, M., Demaurex, N., Gruenberg, J., Carpentier, J. L., and Trono, D. (1999).
Nef-induced CD4 degradation: a diacidic-based motif in Nef functions as a lysosomal targeting
signal through the binding of β-COP in endosomes. Cell 97, 63–73.

Rhee, S. S., and Marsh, J. W. (1994). Human immunodeficiency virus type 1 Nef-induced down-
modulation of CD4 is due to rapid internalization and degradation of surface CD4. J Virol 68,
5156–63.

Ross, T. M., Oran, A. E., and Cullen, B. R. (1999). Inhibition of HIV-1 progeny virion release by
cell-surface CD4 is relieved by expression of the viral nef protein. Curr Biol 9, 613–21.

Rossi, F., Gallina, A., and Milanesi, G. (1996). Nef-CD4 physical interaction sensed with the yeast
two-hybrid system. Virology 217, 397–403.

Saksela, K., Cheng, G., and Baltimore, D. (1995). Proline-rich (PxxP) motifs in HIV-1 Nef bind to
SH3 domains of a subset of Src kinases and are required for the enhanced growth of Nef+ viruses
but not for down-regulation of CD4. EMBO J 14, 484–91.

Salvi, R., Garbuglia, A. R., Di Caro, A., Pulciani, S., Montella, F., and Benedetto, A. (1998). Grossly
defective nef gene sequences in a human immunodeficiency virus type 1-seropositive long-term
nonprogressor. J Virol 72, 3646–57.

Sawai, E. T., Khan, I. H., Montbriand, P. M., Peterlin, B. M., Cheng, M. C., and Luciw, P. A. (1996).
Activation of PAK by HIV and SIV Nef: importance for AIDS in rhesus macaques. Curr Biol 6,
1519–27.

Schrager, J. A., and Marsh, J. W. (1999). HIV-1 nef increases T cell activation in a stimulus-dependent
manner. Proc Natl Acad Sci U S A 96, 8167–72.

Schwartz, O., Maréchal, V., Danos, O., and Heard, J. M. (1995). Human immunodeficiency virus type
1 Nef increases the efficiency of reverse transcription in the infected cell. J Virol 69, 4053–9.

Schwartz, O., Maréchal, V., Le Gall, S., Lemonnier, F., and Heard, J. M. (1996). Endocytosis of major
histocompatibility complex class I molecules is induced by the HIV-1 Nef protein. Nat Med 2,
338–42.

Smith, B. L., Krushelnycky, B. W., Mochly, R. D., and Berg, P. (1996). The HIV nef protein associates
with protein kinase C theta. J Biol Chem 271, 16753–7.



R
ev

ie
w

s

Nef Protein 459

Spina, C. A., Kwoh, T. J., Chowers, M. Y., Guatelli, J. C., and Richman, D. D. (1994). The importance
of Nef in the induction of human immunodeficiency virus type 1 replication from primary quiescent
CD4 lymphocytes. J Exp Med 179, 115–23.

Swingler, S., Gallay, P., Camaur, D., Song, J., Abo, A., and Trono, D. (1997). The Nef protein of
human immunodeficiency virus type 1 enhances serine phosphorylation of the viral matrix. J Virol
71, 4372–7.

Swingler, S., Mann, A., Jacqu, J., Brichacek, B., Sasseville, V. G., Williams, K., Lackner, A. A., Janoff,
E. N., Wang, R., Fisher, D., and Stevenson, M. (1999). HIV-1 Nef mediates lymphocyte chemotaxis
and activation by infected macrophages. Nat Med 5, 997–1003.

Switzer, W. M., Wiktor, S., Soriano, V., Silva-Graca, A., Mansinho, K., Coulibaly, I. M., Ekpini, E.,
Greenberg, A. E., Folks, T. M., and Heneine, W. (1998). Evidence of Nef truncation in human
immunodeficiency virus type 2 infection. J Infect Dis 177, 65–71.

Wang, J.K., Kiyokawa, E., Verdin, E., and Trono, D. (2000). The Nef protein of HIV-1 associates with
rafts and primes T cells for activation. Proc Natl Acad Sci USA 97(1), 394-9.

Welker, R., Kottler, H., Kalbitzer, H. R., and Kräusslich, H. G. (1996). Human immunodeficiency virus
type 1 Nef protein is incorporated into virus particles and specifically cleaved by the viral proteinase.
Virology 219, 228–36.

Whitney, J. A., Gomez, M., Sheff, D., Kreis, T. E., and Mellman, I. (1995). Cytoplasmic coat proteins
involved in endosome function. Cell 83, 703–13.

Xu, X. N., Laffert, B., Screaton, G. R., Kraft, M., Wolf, D., Kolanus, W., Mongkolsapay, J., McMichael,
A. J., and Baur, A. S. (1999). Induction of Fas ligand expression by HIV involves the interaction of
Nef with the T cell receptor zeta chain. J Exp Med 189, 1489–96.

Xu, X. N., Screaton, G. R., Gotch, F. M., Dong, T., Tan, R., Almond, N., Walker, B., Stebbings, R., Kent,
K., Nagata, S., Stott, J. E., and McMichael, A. J. (1997). Evasion of cytotoxic T lymphocyte (CTL)
responses by nef-dependent induction of Fas ligand (CD95L) expression on simian immunodeficiency
virus-infected cells. J Exp Med 186, 7–16.

Yang, X., and Gabuzda, D. (1999). Regulation of human immunodeficiency virus type 1 infectivity by
the ERK mitogen-activated protein kinase signaling pathway. J Virol 73, 3460–6. 22


