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human immunodeficiency virus type 1 (HIV-1) Nef in-
teracts with the clathrin-associated AP-1 and AP-3 adap-
tor complexes, stabilizing their association with endoso-
mal membranes. These findings led us to hypothesize a
general impact of this viral protein on the endosomal
system. Here, we have shown that Nef specifically dis-
turbs the morphology of the early/recycling compart-
ment, inducing a redistribution of early endosomal
markers and a shortening of the tubular recycling endo-
somal structures. Furthermore, Nef modulates the traf-
ficking of the transferrin receptor (TfR), the prototypi-
cal recycling surface protein, indicating that it also
disturbs the function of this compartment. Nef reduces
the rate of recycling of TfR to the plasma membrane,
causing TfR to accumulate in early endosomes and re-
ducing its expression at the cell surface. These effects
depend on the leucine-based motif of Nef, which is re-
quired for the membrane stabilization of AP-1 and AP-3
complexes. Since we show that this motif is also re-
quired for the full infectivity of HIV-1 virions, these
results indicate that the positive influence of Nef on
viral infectivity may be related to its general effects on
early/recycling endosomal compartments.

Trafficking of membrane proteins is governed by a regulated
machinery that involves the vesicular transport of proteins
throughout different intracellular compartments. One major
regulatory mechanism is related to the function of the adaptor
protein (AP)! complexes that assemble on donor membranes of
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the endocytic pathway to form transport vesicles (for review,
see Ref. 1). The sorting of transmembrane proteins into these
vesicles requires the recognition by the AP complexes of specific
tyrosine- or leucine-based motifs contained within the cytoplas-
mic domains of cargo proteins (2). Four different types of het-
erotetrameric AP complexes (AP-1-AP-4) have been identified
(3). AP-2 is specifically involved in the formation of clathrin-
coated vesicles at the plasma membrane, whereas AP-1 and
AP-3 mediate the formation of clathrin-coated vesicles at the
levels of the trans-Golgi network (TGN) and endosomes. The
function of AP-4 is less well documented, but it regulates for-
mation of non-clathrin-coated vesicles at the TGN. The associ-
ation of the AP-1, AP-3, and AP-4 complexes with TGN and
endosomal membranes is regulated by ADP-ribosylation factor
1 (ARF1).

The Nef protein of HIV-1 is a 27-kDa protein that associates
with the cell membranes through N-terminal myristoylation and
is abundantly produced shortly after virus infection (for review,
see Refs. 4 and 5). Nef is an essential factor in vivo for efficient
viral replication and pathogenesis. In vitro, Nef also facilitates
virus replication and enhances the infectivity of virions. Al-
though the positive influence of Nef on viral replication and
infectivity may be multifactorial, genetic evidence suggests a
relationship between these virological effects and the ability of
Nef to modulate the cell surface expression of multiple mem-
brane-associated proteins. In addition to CD4 and major histo-
compatibility complex class I (MHC-I) molecules (6—8), the list of
membrane proteins in which intracellular trafficking is affected
by Nef now includes MHC class IT (MHC-II) molecules, the co-
stimulatory CD28 molecule, and the lectin DC-SIGN (9-11).
These alterations likely promote an immune evasion response of
infected cells and enhance the spread of viruses within the host
during the natural course of HIV infection (12-15).

Mechanistically, these observations indicate that Nef exerts
a general influence on the intracellular trafficking of mem-
brane proteins. Although the molecular basis of this general
effect is not fully understood, it is now evident that it relates to
the ability of Nef to interact directly with vesicle coat compo-
nents involved in the vesicular transport throughout the endo-
cytic pathway, including the clathrin-associated AP complexes.
The HIV-1 Nef protein recognizes preferentially AP-1 and AP-3
complexes (16—20) and selectively stabilizes the association of
these complexes on endosomal membranes by an ARF1-inde-
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grade transport from early/sorting endosomes to the TGN (44,
45). Second, AP-3 has been found to be associated at least in
part with a TfR-positive compartment (46). Third, clathrin
coats have been detected on vesicles budding from the early
endosomal membranes (33). Interestingly, Tf recycling was
inhibited by the fungal metabolite brefeldin A, an inhibitor of
ARF1-dependent recruitment of coat proteins such as AP-1 and
AP-3 (47-49). Nevertheless, the precise role of the AP-1 and
AP-3 complexes within the recycling pathway remains to be
defined, and Nef may constitute a powerful tool for this
purpose.

Finally, what is the role of the perturbations of membrane
protein trafficking induced by Nef in the HIV-1 life cycle? Inter-
estingly, there is a striking correlation between the Nef-mediated
enhancement of viral infectivity, the stabilization of AP-1 and
AP-3 complexes on endosomal membranes, and the Nef-induced
alterations of trafficking within the early/recycling endosomal
compartment. All of these properties require the leucine-based
motif in Nef. Here, we not only have confirmed the crucial role of
the leucine-based motif of Nef for optimal viral infectivity (22) but
have further emphasized that these effects are not a direct con-
sequence of the down-regulation of CD4. It is noteworthy that
these effects are apparent even when virus particles are pro-
duced from CD4-negative cells (see Fig. 8D). Although the mech-
anism of Nef-mediated enhancement of infectivity remains ill-
defined, these observations indicate that the virological effects of
Nef are related to its morphologic and functional effects on the
early/recycling compartment. The precise basis of this connection
between the trafficking and the virologic effects of Nef is open to
hypothesis. One possibility is that by acting on the endocytic
pathway, Nef may be involved in the virion assembly and/or
budding processes. By inducing an expansion of multivesicular
endosomal structures (17, 39, 40), Nef may promote the forma-
tion of an intracellular platform for assembly of new HIV-1 viri-
ons. In support of this hypothesis, a connection between protein
sorting within the endosomal system and the budding of virions
has been established, demonstrating that the endosomal sorting
complexes required for transport (ESCRT) play essential roles in
the budding process (50—52). Furthermore, recent findings show
that virion assembly and budding can occur within the endoso-
mal compartments (53-55). If HIV-1 uses endosomal membranes
as a platform for an aspect of viral morphogenesis, then it be-
comes an attractive hypothesis that Nef-mediated alterations of
this system facilitate assembly to yield optimally infectious viral
particles.
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