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Background: HIV-1 Nef is a membrane-associated protein that acts as viral pathogenicity factor.
Results: Nef function requires regulated membrane interactions along transport pathways to and from the plasma membrane.
Conclusion: Nef function is determined by dynamic anterograde and endocytic transport cycles.
Significance: Dynamic transport cycles provide the basis for the multifunctionality of Nef.

The HIV-1 pathogenicity factor Nef enhances viral replica-
tion by modulation of multiple host cell transport and signaling
pathways. Nef associates with membranes via an N-terminal Src
homology 4 (SH4) domain, and membrane association is
believed to be essential for its biological functions. At which
subcellular site(s) Nef exerts its different functions and how
kinetics of membrane interactions contribute to its biological
activity are unknown. To address how specific characteristics of
Nef membrane association affect its biological properties, the
SH4 domain of Nef was replaced by heterologous membrane
targeting domains. The use of a panel of heterologous SH4
domains resulted in chimeric Nef proteins with distinct steady
state subcellular localization, membrane association efficiency,
and anterograde transport routes. Irrespective of these modifi-
cations, cardinal Nef functions affecting host cell vesicular
transport and actin dynamics were fully preserved. In contrast,
stable targeting of Nef to the surface of mitochondria, peroxi-
somes, or the Golgi apparatus, and thus prevention of plasma
membrane delivery, caused potent and broad loss of Nef activity.
These results support the concept that Nef adopts its active con-
formation in the membrane-associated state but exclude that
membrane-associated Nef simply acts by recruiting soluble fac-
tors independently of its local microenvironment. Rather than
its steady state subcellular localization or membrane affinity,
the ability to undergo dynamic anterograde and internalization
cycles appear to determine Nef function. These results reveal
that functional membrane interactions of Nef underlie critical
spatiotemporal regulation and suggest that delivery to distinct
subcellular sites via such transport cycles provides the basis for
the multifunctionality of Nef.

Nef is a myristoylated 25–34-kDa protein encoded by HIV-1,
HIV-2, and SIV. Although dispensable for virus replication in
cultured cells, Nef potently increases virus replication and thus

serves as a pathogenicity factor that accelerates disease pro-
gression in the infected host (1–3). This role of Nef in AIDS
pathogenesis is also supported by transgenic mice in which
expression of Nef induces AIDS-like depletion of CD4� T lym-
phocytes (4, 5). Nef bears no enzymatic activity but rather
mediates its functions through a large set of interactions with
cellular proteins. By virtue of this adaptor function, Nef affects
many central processes in HIV target cells. This includes mod-
ulation of cellular transport pathways leading to down-regula-
tion of many receptors from the surface of infected cells, which,
for example, prevents superinfection (CD4, CXCR4/CCR5) (6,
7) or cytotoxic T cell lysis (8, 9) of productively infected cells
and enhancement of HIV-1 particle infectivity (10 –13). HIV-1
Nef also modulates cellular signaling pathways such as the T
cell receptor cascade in T lymphocytes by simultaneous mod-
ulation of vesicular transport and actin dynamics. These alter-
ations modify the response of infected T lymphocytes to T cell
receptor stimulation by blocking T cell receptor proximal sig-
naling at the plasma membrane (PM)3 while triggering a signal-
ing cascade initiated at intracellular membranes (14 –20).
Induction of signaling cascades initiating at intracellular mem-
branes results from the retargeting of active pools of the Src
family kinase Lck from the PM to recycling endosomes and the
trans-Golgi network (TGN) (16, 20 –25). Together, these
effects appear to induce an intermediate state of T cell activa-
tion that supports HIV replication but prevents activation-in-
duced cell death (16, 26).

Approximately 10 –30% of the total pool of Nef protein is
membrane-associated at steady state and association with host
cell membranes is generally assumed to represent a prerequisite
for all individual Nef activities (27–32). Efficient membrane
attachment of Nef requires cotranslational myristoylation at
the glycine at position 2 (33–36). However, myristoylation
alone confers only weak membrane attachment, and additional
interactions are required for robust membrane binding (37–
39). In case of Nef, this second signal consists of an arginine
stretch (Arg17-Arg19-Arg21-Arg22). Myristoyl anchor and
stretch of basic residues form an N-terminal membrane target-
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ing module referred to as Src homology 4 (SH4) domain. SH4
domains are known to mediate membrane association of Src
family kinases and are composed of variable combinations of
acylation (myristoylation or palmitoylation) and basic residues.
The Nef SH4 domain also contains two lysines at positions 4
and 7, which mediate lateral segregation of a subpopulation of
membrane-bound Nef (�5% of total Nef) into raft-like mem-
brane microdomains (30).

Although the N-terminal SH4 domain of Nef has been estab-
lished as a key determinant for overall membrane association, it
is unclear how the selectivity of Nef for specific cellular mem-
branes is achieved. In addition to the abundant soluble cyto-
plasmic pool of Nef, the predominant subcellular localizations
of the viral protein are the inner leaflet of the PM, as well as
endocytic and perinuclear membrane vesicles. Consistent with
the role of the basic stretch in the Nef SH4 domain for mem-
brane targeting, in vitro binding of Nef to liposomes revealed a
preference of Nef for negatively charged lipids but did not iden-
tify a requirement for a specialized lipid composition for mem-
brane association (40). Because Nef more efficiently inserted
into liposomes with high curvature, it remains unclear how spe-
cific targeting of Nef to and association with the PM is achieved
in cells, and these findings suggest the involvement of special-
ized delivery pathways.

Despite this characterization of Nef-membrane interactions,
many aspects on how this association is linked to the biological
activities of Nef remain to be established. Nonmyristoylated
G2A mutants of Nef are widely used to assess the relevance of
membrane association for Nef function (11, 28 –31, 41– 44).
Such mutants, however, retain significant residual membrane
association, display reduced but not abrogated biological activ-
ity, and therefore do not allow drawing definite conclusions on
the functional relevance of the overall membrane association of
Nef. Given that Nef activities such as enhancing endocytosis of
CD4 (6, 34) are exerted directly at the PM or affect composition
and morphology of the cell surface (7, 9, 18, 19, 23, 25, 45), it is
generally assumed that the PM is the predominant subcellular
site of the biological activity of Nef. However, biologically active
Nef subpopulations have not yet been visualized, and most Nef
effects could also be explained by activities originating from
other subcellular sites. How native Nef molecules are delivered
to the PM has not been explored in detail. Our recent results
suggest that Nef affects anterograde transport of specialized
membrane microdomains with select SH4 domain cargo pro-
teins (24), raising the possibility that its own PM transport reg-
ulates the biological activity of Nef. Finally, as exemplified for
retargeting of Lck to recycling endosome/TGN compartments,
Nef can trigger effects on intracellular vesicular transport at a
distance, i.e. without its presence at the final destination of the
affected cargo (16, 24). Taken together, the general assumption
that Nef requires membrane association for its biological activ-
ity has not been rigorously assessed experimentally, and it is
unclear where and how these interactions are regulated.

We employed here a heterologous targeting approach in
which the SH4 domain of Nef was replaced with different mem-
brane targeting domains. This resulted in a panel of chimeric
Nef proteins with native topology throughout all intracellular
sorting steps that displayed divergent segregation to membrane

fractions, employed distinct anterograde transport routes, and
localized to specific subcellular sites. The functional character-
ization of these constructs revealed that Nef activity does not
depend on its extent of membrane association, its steady state
subcellular localization, or the anterograde transport pathway
used but critically requires dynamic vesicular transport passing
by the PM.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Plasmids—Jurkat TAg (Jurkat cells
with the large T antigen of simian virus 40) (46) and Jurkat
CCR7 cells were cultivated in RPMI 1640 supplemented with
10% FCS and 1% penicillin-streptomycin (all from Invitrogen).
Jurkat CCR7 medium additionally contained 1� nonessential
amino acids (Invitrogen), 1� sodium pyruvate (Invitrogen), 10
mM HEPES (pH 7.4) and 45.76 �M �-mercaptoethanol (Roth).
HeLa and NIH 3T3 cells were cultivated in DMEM or DMEM
(low glucose), respectively, supplemented with 10% FCS and 1%
penicillin-streptomycin (all from Invitrogen). The following
antibodies were used: anti-CD3 (clone HIT3a against CD3�; BD
Biosciences), mouse anti-Lck (clone 3A5; Santa Cruz), mouse
anti-�-COP (kindly provided by Britta Brügger (47)), mouse anti-
Cytc (BD Biosciences), rabbit anti-PMP70 (Abcam), mouse anti-
transferrin receptor (Zymed Laboratories), mouse anti-myosin
light chain (Sigma-Aldrich), mouse anti-GFP (Sigma-Aldrich),
rat anti-GFP (Chromotek), sheep anti-Nef antiserum (gift from
M. Harris, University of Leeds), and allophycocyanin-conju-
gated mouse anti-human CD4 (clone RPA-T4; BD Biosci-
ences). Secondary goat anti-rabbit and anti-mouse Alexa Fluor
568 antibodies were purchased from Invitrogen. Poly-L-lysine
and protease inhibitor mixture was purchased from Sigma-Al-
drich. For F-actin staining, tetramethylrhodamineisothiocya-
nate-conjugated phalloidin was obtained from Sigma-Aldrich.
The expression constructs for HIV-1 SF2 Nef WT and PalmNef
fused to GFP, as well as the respective plasmid encoding for
GFP, were described earlier (7, 48). The G2AKR mutant was
generated by site-directed mutagenesis of the KR mutant (30)
and was subcloned into the pEGFP-N1 vector. To obtain the
chimeric SH4 domain and organelle targeting (OT) Nef.GFP
constructs, nucleotides 1– 66 of nef were replaced with nucleo-
tides 1–54 of the corresponding SH4 domain-containing pro-
tein (amino acid sequences are shown in Fig. 1A) or the corre-
sponding organelle targeting signals (OTSs), respectively. The
OTS of Pex13 (49) was obtained by PCR using pEGFP-
C1NLSopt_MAVS(CT)_Pex13TM as a template. The OTS of
revGlc-Nef�SH4 consists of the transmembrane domain of galac-
tosylgalactosylxylosylprotein 3-�-glucuronosyltransferase 2 in
inverted orientation (amino acids 23–2) (50). For mitochondrial
targeting, nucleotides 1– 87 of the TOM20 coding sequence
were used. The lentiviral vector system containing vector plas-
mids pWPI or pWPXL, envelope plasmid pMD2.G (VSV-G)
and packaging plasmid pPAX2 was purchased from Addgene.
The expression enhancer plasmid pAdVAntage was purchased
from Promega. The nef wt gene, as well as the genes for the
different chimeric Nef proteins used in the membrane fraction-
ation experiment, were inserted into pWPI or pWPXL, respec-
tively, resulting in the according pWPI- or pWPXL-Nef.GFP
expression plasmid.
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Transfection of Cells—Jurkat TAg and Jurkat CCR7 cells (5 �
106 to 1 � 107) were transfected with 20 – 60 �g of total plasmid
DNA via electroporation (950 microfarads, 250 V or 850 micro-
farads, 250 V, respectively; Bio-Rad GenePulser). Transfection
of T cells results in Nef expression levels comparable with those
in HIV-1-infected T cells (51), and Nef displays similar mem-
brane association in transfected and infected cells (28 –30).
HeLa cells were plated in 6-well plates containing two cover
glasses (Marienfeld) and transfected with 4 �g of plasmid DNA
using Lipofectamine 2000 (Invitrogen). For live cell imaging,
HeLa cells were plated in �-Slide (chambered coverslips) 8
wells (ibidi) and transfected with 0.4 �g of plasmid DNA.

Lentiviral Vector Production and Transduction of Jurkat TAg
Cells—Lentiviral vector stocks were generated by transfection
of HEK293T cells with the according lentiviral vector and pack-
aging plasmids. Twenty-four hours before transfection, 5 � 106

293T cells were seeded per 15-cm dish. Transfection was per-
formed using JetPEI transfection reagent (Peqlab) according to
the manufacturer’s recommendations using: 22.5 �g of pWPXL
vector plasmid with the according gene, 8 �g of envelope plas-
mid pMD2.G, 14.6 �g of packaging plasmid pPax2, 2.3 �g of
pAdvantage. The transfection mix was directly added to the
medium, and a medium exchange was performed after 4 – 6 h.
Virus supernatant was harvested after 48 or 72 h, filtrated using
0.22-�m-pore size radio-sterilized filters, concentrated by
ultracentrifugation, and stored at �80 °C. The virus superna-
tant was titrated on Jurkat TAg cells to calculate the amount of
supernatant necessary to reach transduction efficiency between
35 and 90% for the membrane fractionation experiment. For
transduction, 2 � 106Jurkat TAg cells/well were mixed with the
according amount of virus supernatant in 24-well plates, the
cells were spin-infected for 90 min at 2,000 rpm at room tem-
perature and cultivated for 17–20 h at 37 °C before additional
medium was added. Membrane fractionation experiments
were performed 72 h after transduction. Nef expression levels
in T lymphocytes are similar following transduction with ret-
roviral vectors or infection with HIV-1 (52).

Immunofluorescence Analyses—For T cells, microscope
cover glasses (Marienfeld) were prepared by incubation in
0.01% poly-L-lysine (Sigma-Aldrich) solution at room temper-
ature for 10 min. Cells were plated on the cover glasses, incu-
bated for 5 min, and subsequently fixed for at least 15 min, by
directly adding PBS-3% paraformaldehyde. For NIH 3T3 cells,
the cells were fixed with PBS, 3% paraformaldehyde after the
indicated time points postmicroinjection. After permeabiliza-
tion with PBS, 0.1% Triton X-100 for 1–5 min, the cells were
blocked with PBS, 1% bovine serum albumin for 30 min. Stain-
ings and protocols for the Lck retargeting and lymphocyte ruf-
fling assay were described previously (19, 24). Samples were
analyzed by confocal laser scanning microscopy (LSM 510;
Zeiss) using a 100� oil immersion objective lens. Confocal
stacks of F-actin in Jurkat TAg cells were acquired using a Leica
DM IRE2 microscope with a 63� oil immersion objective lens.
Images were processed with ImageJ and Adobe Photoshop CS3.

Membrane Fractionation—Subcellular fractionation was
performed using slight modifications of a previously described
protocol (30). Briefly, Jurkat TAg cells were transduced with
lentiviral vectors encoding for the different Nef.GFP fusion

proteins (transduction efficiency, 35–90%). Seventy-two hours
post-transduction, the cells were lysed in 600 �l of TNE buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, and
protease inhibitor mixture) for 20 min on ice, homogenized
with a Dounce homogenizer, and loaded on an Optiprep (Invit-
rogen) gradient (350 �l of cell lysates were mixed with 600 �l of
60% Optiprep and overlaid with 2.5 ml of 28% Optiprep and 600
�l of TNE), followed by ultracentrifugation (35,000 rpm, 3 h,
4 °C). Eight fractions of 500 �l each were collected from the top.
Fraction 2, which represented the membrane (M) fraction, and
the soluble cytosolic (C) fractions 7 and 8 were used for West-
ern blot analysis. Transferrin receptor and myosin light
chain served as markers for M and C fractions, respectively.

Western Blotting—Washed cell pellets were lysed in SDS lysis
buffer. Proteins were separated on 10 –12% (expression of con-
structs) or 11% (membrane fractionation) SDS-PAGE and blot-
ted to nitrocellulose membranes. Blocked membranes were
probed with the following primary antibodies: mouse anti-
transferrin receptor (Zymed Laboratories), mouse anti-myosin
light chain (Sigma-Aldrich), mouse anti-GFP (Sigma-Aldrich),
rat anti-GFP (Chromotek), sheep anti-Nef antiserum (gift from
M. Harris, University of Leeds). Secondary antibodies were
conjugated to horseradish peroxidase for ECL-based detection.
For detection of Nef.GFP fusion proteins with the Odyssey�
infrared imaging system (LI-COR Biosciences), the secondary
antibody was labeled with IRDye� 800 (Rockland).

Western Blotting Quantification—The relative distribution
of the various Nef.GFP fusion proteins between M and C frac-
tions was determined by scanning Western blot membranes
with the LI-COR imaging system that measures the infrared
fluorescent signal emitted by the IRDye� 800 conjugated to the
secondary antibody. Signals were quantified using the Odyssey
software (Odyssey� infrared imaging system; LI-COR Biosci-
ences) following background subtraction. Each fraction was
first individually quantified, and the combined total signal from
all fractions was then set to 100%. The values obtained for the
individual M and C fractions for a given protein were then set
relative to this 100%. The quantification shown in Fig. 3 repre-
sents the mean value of at least three independent membrane
fractionation assays, quantified as described, with the corre-
sponding standard deviations.

Microinjection—NIH 3T3 cells, which were grown on cover
glasses, were microinjected into their nuclei with an AIS 2
microinjection apparatus using pulled borosilicate glass capil-
laries in principle as reported (45, 53). Plasmids encoding the
indicated Nef.GFP fusion proteins were mixed in water at con-
centrations of 10 ng �l�1. Following microinjection, cells were
cultured for various times to allow protein expression and traf-
ficking. At the indicated time points, cells were fixed with PBS,
3% paraformaldehyde and subjected to microscopic analysis.
How the per cell Nef expression levels achieved by plasmid
microinjection compare with those in HIV-1-infected cells is
unclear. Hence, this approach was exclusively used to visualize
anterograde transport of the first pools of newly synthesized
protein at early time points postmicroinjection and thus limited
protein expression.

Down-regulation of Cell Surface CD4—To quantify CD4 cell
surface expression, Jurkat TAg cells were electroporated with
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20 �g of expression plasmid, and 24 h post-transfection the
cells were washed and stained in PBS with allophycocyanin-
conjugated mouse-anti-human CD4 (clone RPA-T4) (BD Bio-
sciences) antibody. A FACSCalibur with BD CellQuest Pro
4.0.2 software (BD Biosciences) was used for analysis, as well as
the CyflogicTM software (CyFlo Ltd., Kyrkslätt, Finland). The
mean fluorescence intensity (MFI) for surface-exposed recep-
tors was quantified in principle as reported (7). Relative CD4
cell surface expression levels were normalized to the values
obtained for control cells transfected with GFP expression vec-
tor (set to 100%).

RESULTS

Chimeric Nef.GFP Proteins Differ in Subcellular Localization
and Membrane Association—To study how subcellular local-
ization and membrane association of Nef.GFP, a functional
analog of untagged Nef (7, 48, 51), affect its activities, we aimed
at generating Nef.GFP variants with heterologous membrane
targeting signals that would result in Nef proteins with mem-
brane topology analogous to that of WT HIV-1 Nef. As negative
control we sought to include a completely cytosolic Nef variant.
Because Nef mutants constructed previously only lacked some of
the residues described to contribute to Nef membrane association,
we generated the mutant NefG2AKR.GFP. NefG2AKR.GFP lacks
myristoylation acceptor and arginine stretch, which mediate
membrane binding of Nef as well as the dilysine motif impor-
tant for its detergent-resistant membrane association (Fig. 1A).
For heterologous targeting, the SH4 domain of Nef was deleted
(Nef�SH4) and replaced by SH4 domains of different Src family

kinases, as well as the Haspb (hydrophilic acylated surface pro-
tein B) of Leishmania (Fig. 1A). The SH4 domains used for Nef
retargeting display different acylation patterns and confer dis-
tinct subcellular localization, membrane affinity, and usage of
intracellular transport routes in their native context. Although
the SH4 domain of Src closely resembles that of Nef (e.g. iden-
tical acylation pattern) and can substitute for that of Nef in
mediating incorporation into HIV particles (39), Fyn and Yes
were included because they mediate efficient PM association in
their native context. The SH4 domain of the Leishmania Haspb
protein mediates similarly efficient PM targeting; however,
introduction of C5A and T6E mutations results in retargeting
to the Golgi and/or perinuclear endosomes (54). In addition to
these SH4 domain chimeras, the previously described Nef.GFP
mutant PalmNef, which is palmitoylated because of a G3C
mutation and thus enriched in detergent-resistant membranes
relative to WT Nef (48, 55), was included in our analysis. All
chimeric Nef.GFP proteins were expressed at similar levels in
Jurkat TAg T lymphocytes (Fig. 1B).

We next determined whether the heterologous SH4 domains
fused to Nef�SH4.GFP affected the steady state subcellular dis-
tribution of the viral protein by confocal live cell imaging of
transfected HeLa cells (Fig. 2A; see Fig. 2C for quantification).
As described earlier (29, 30, 48, 56, 57) Nef.GFP displayed a
distribution between PM, cytoplasm, and perinuclear region
(category 2, black bars in Fig. 2C), and palmitoylation reduced
the pool of apparently non-membrane-associated Nef.GFP in
the cytoplasm (category 3, dark gray bars in Fig. 2C). These
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FIGURE 1. Nef.GFP expression constructs containing different SH4 domains for heterologous targeting of Nef. A, schematic representation of Nef.GFP
constructs used in this project. To achieve heterologous targeting, the Nef SH4 domain was replaced by the shown SH4 domains. B, Western blot analysis of
Jurkat TAg T lymphocytes transfected with the Nef.GFP expression constructs. Transferrin receptor served as loading control.

HIV-1 Nef Membrane Interactions

MAY 16, 2014 • VOLUME 289 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 14033



subcellular distributions were markedly distinct from that of
NefG2AKR.GFP, which localized diffusely throughout the
nucleus and cytoplasm and which was indistinguishable from
that of GFP alone (category 1, white bars in Fig. 2C). Heterolo-
gous exchange of the Nef SH4 domain had different effects on
the subcellular distribution of the viral protein, depending on
the individual SH4 domain used. Src-Nef�SH4.GFP displayed a
subcellular distribution similar to Nef.GFP. In contrast, Fyn-
and Yes-Nef�SH4.GFP showed clear PM association and
stronger perinuclear accumulation than Nef.GFP, and virtually
no signal was detected in the cytoplasm (Fig. 2A, indicated by
white or red arrows, respectively; category 3, dark gray bars in
Fig. 2C). Similarly, strong PM association was observed for
Haspb-Nef�SH4.GFP (Fig. 2A, indicated by white arrow). Con-
sistent with previous findings (54), H(C5A)- and H(T6E)-
Nef�SH4.GFP localized to intracellular compartments but also
diffusely to the cytoplasm, as well as faintly to the PM (category

4, light gray bars in Fig. 2C). To validate the specific and distinct
subcellular localization of these SH4-Nef.GFP chimeras in HIV
target cells, the proteins were expressed and analyzed in Jurkat
TAg T lymphocytes post fixation (Fig. 2B). The results obtained
essentially confirmed the results gained with live HeLa cells
with the SH4 domains of Fyn, Yes, and Haspb mediating
enhanced PM association of Nef.GFP and a redistribution to
cytoplasm and intracellular membranes by the Haspb SH4
domain mutants (Fig. 2B, indicated by white or red arrows,
respectively).

In addition to the visualization of Nef.GFP distribution in
individual cells, we sought to obtain quantitative information
on the overall membrane association of the chimeric Nef.GFP
proteins. Membrane fractionations were conducted of 4.8 –5 �
107 Jurkat TAg cells following efficient transduction with len-
tiviral vectors encoding for our panel of SH4-Nef.GFP chime-
ras. Cell lysates were fractionated by ultracentrifugation
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FIGURE 2. Subcellular localization of chimeric Nef.GFP proteins in transfected cells. A, live cell imaging of HeLa cells transiently expressing the indicated
Nef.GFP proteins. Cells were analyzed by confocal microscopy 24 h post-transfection. Individual representative Z sections are shown. Arrows indicate localiza-
tion at PM (white arrows) or strong intracellular accumulation (red arrows), respectively. B, transfected Jurkat TAg cells were plated on poly-L-lysine-coated cover
glasses, fixed 24 h post-transfection, and analyzed by confocal microscopy. Individual representative Z sections are shown. Arrows indicate localization at PM
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through an iodixanol gradient, and the membrane fraction 2
(M) and soluble cytoplasmic fractions 7/8 (C1/C2) were ana-
lyzed by Western blotting (30) (Fig. 3A; see Fig. 3B for quanti-
fication). Consistent with previous reports that detected
10 –30% of total Nef protein associated to membranes (28 –30,
39, 58, 59), �16% of Nef.GFP was found in the membrane frac-
tion. Palmitoylation significantly enhanced its membrane asso-
ciation (PalmNef.GFP, 35%), even though PalmNef.GFP was
markedly less stable in the course of the membrane fraction-
ation procedure than all other Nef.GFP proteins analyzed.
Despite the lack of all described membrane contacts,
NefG2AKR.GFP retained considerable association with mem-

brane fractions (approximately 8%), which was only reduced to
50% of that of Nef.GFP (Fig. 3, A and B) and thus is comparable
with NefG2A (28 –30). Residues outside the Nef N terminus there-
forecontributetoitsassociationwithmembranefractions,possiblyby
interaction with membrane-bound proteins rather than by mem-
brane insertion. This analysis also revealed that the different SH4
domains differentially influenced the segregation of Nef.GFP to the
membrane fraction: although the Src SH4 domain mediated mem-
brane association similar to PalmNef (28% of total Nef protein in M),
Fyn and Yes SH4 domains shifted virtually all detectable Nef.GFP to
the membrane fraction (�88% of total Nef protein in M). Redistri-
bution into the membrane fraction was also enhanced by the SH4
domain of Haspb. Despite the different subcellular distribution,
the Haspb SH4 domain mutant T6E mediated segregation into the
membrane fraction with similar efficiency as Nef.GFP (15%),
whereas the Haspb SH4 domain mutant C5A provided slightly
stronger membrane association (26%). Together these results
demonstrate that the heterologous membrane targeting approach
resulted in chimeric SH4-Nef.GFP proteins that mirror in subcel-
lular localization and membrane association the properties of the
individual SH4 domain used.

Chimeric Nef.GFP Proteins Vary in Anterograde Transport—
Because the SH4 domains of different Src family kinases medi-
ate PM delivery via distinct anterograde trafficking routes (60)
and some Nef activities appear to be specific for specialized
membrane microenvironment in this process (24), we next
asked whether heterologous SH4 domain targeting affects the
biosynthetic transport of Nef.GFP. For this analysis, we used an
established plasmid microinjection approach that allows the
visualization of PM transport of newly synthesized protein
pools (45, 53). NIH3T3 cells were injected with Nef.GFP
expression plasmids, and protein localization was analyzed at
different time points within the first 3.5 h postinjection (Fig. 4).
At 0.5 h, Nef.GFP and PalmNef.GFP were located exclusively to
cytoplasmic vesicles distributed throughout the cell. Subse-
quently (1 and 3.5 h postmicroinjection), both proteins adopted
their steady state localization (compare with Fig. 2) and were
detected at the PM, as well as in the perinuclear area (Fig. 4, A
and B). Nef.GFP and PalmNef.GFP thus are likely transported
via the same anterograde pathway. In clear contrast,
NefG2AKR.GFP was located diffusely throughout the whole
cell at all time points and never appeared at the PM. Presumably
reflecting the karyophilic properties of GFP in absence of spe-
cific targeting by Nef, NefG2AKR.GFP was also detected in the
nucleus from 1 h postmicroinjection onwards. Consistent with
the steady state localization, heterologous targeting of Nef.GFP
by the Src SH4 domain did not have marked effects on the
subcellular localization pattern during anterograde transport
except that PM delivery of Src-Nef�SH4.GFP was more rapid
and efficient than that of Nef.GFP (Fig. 4B). In contrast, Fyn-,
Yes-, and Haspb-Nef�SH4, all of which showed pronounced
membrane association and PM localization at steady state, were
initially accumulated strongly in the perinuclear region (Fig.
4A, indicated by arrows). Moreover, Fyn-Nef�SH4.GFP was
delivered to the PM with delay when compared with Nef.GFP
(Fig. 4B) and did not reach its steady state distribution within
the 3.5-h observation period, suggesting that in this case heter-
ologous targeting routed Nef.GFP to a distinct anterograde
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transport pathway. Expectedly, the C5A and T6E Haspb SH4
domain mutants also mediated initial targeting to perinuclear
membranes (54). However, these constructs accumulated in
the cytoplasm and were not abundantly detected at the PM
within the time frame of observation. These results demonstrate
that heterologous SH4 domain targeting alters the anterograde
transport routes for PM delivery of chimeric Nef.GFP. Together,
the heterologous SH4 domain targeting approach resulted in a
panel of chimeric Nef.GFP proteins with divergent steady state
subcellular localization, membrane association patterns, and
anterograde transport pathways.

SH4 Chimeric Nef.GFP Proteins Retain Biological Activity—
We next sought to analyze how heterologous SH4 domain tar-
geting affects the biological activity of Nef.GFP. To assess
down-regulation of the HIV entry receptor CD4 from the cell
surface as one of the cardinal Nef functions, Jurkat TAg T lym-
phocytes were transfected with plasmids encoding for the dif-
ferent Nef.GFP chimeras, fluorescently stained for cell surface
CD4, and analyzed by flow cytometry. The MFI for surface-

exposed receptors was quantified as previously described (7).
Relative CD4 cell surface expression levels were normalized to
the values obtained for control cells expressing GFP (set to
100%), which showed no cell surface down-regulation of CD4
(Fig. 5, A, left panel, and B). Nef.GFP strongly down-regulated
cell surface CD4 levels to �40% of the control cells (Fig. 5, A,
middle panel, and B). Despite its distinct subcellular localiza-
tion, membrane association, and anterograde transport path-
way, Fyn-Nef�SH4.GFP down-regulated CD4 levels from the
cell surface with comparable efficiency to Nef.GFP (Fig. 5, A,
right panel, and B). Similarly efficient CD4 down-regulation
was observed with all other SH4 Nef.GFP fusion proteins (Fig.
5B) except H(C5A)- and H(T6E)-Nef�SH4.GFP, whose CD4
down-regulation was slightly reduced (58 or 72% cell surface
CD4 remaining). Analysis of cell surface MHC-I down-regula-
tion by Nef was precluded because the SH4 Nef chimera con-
structed lack the M20 residue required for this Nef activity (61–
65); however, the analysis of chimeric Nef proteins containing
heterologous SH4 domains in addition to the Nef SH4 domain

FIGURE 5. Functional characterization of SH4 chimeric Nef.GFP proteins: down-regulation of cell surface CD4, Lck retargeting, and inhibition of
F-actin ruffling. A, CD4 cell surface expression in Jurkat TAg cells transfected with expression constructs for GFP, Nef.GFP, or Fyn-Nef�SH4.GFP. Twenty-four
hours post-transfection, cells were stained for surface expression with allophycocyanin (APC)-conjugated antibodies against hm CD4 and analyzed by flow
cytometry. R1, GFP-negative cells; R2, high level GFP expressing cells. Red text, MFIs of cells stained for CD4. B, down-regulation activity of the various chimeric
Nef.GFP proteins. CD4 surface levels of GFP transfected cells were set to 100%. The data are means � S.D. of at least three independent experiments. C,
representative confocal pictures of Jurkat TAg cells transfected with expression constructs for GFP, Nef.GFP, or Fyn-Nef�SH4.GFP. Cells were plated on
poly-L-lysine-coated cover glasses, fixed, and stained. Shown is a merge of endogenous (end.) Lck (red) and GFP (green). Scale bar, 10 �m. D, quantification of
the frequency of cells displaying pronounced intracellular Lck accumulation. The data represent average values from three independent experiments � S.D.
with at least 100 cells analyzed per condition. E, representative maximum projections of confocal Z stacks of Jurkat CCR7 T cells transfected with expression
constructs for GFP, Nef.GFP, or Fyn-Nef�SH4.GFP. Cells were plated on poly-L-lysine-coated cover glasses, stimulated with hm SDF-1�, fixed, and stained for
F-actin using phalloidin-TRITC. Shown is a merge of F-actin (red) and GFP (green). Scale bar, 10 �m. F, quantification of cells that show full inhibition of F-actin
ruffling. The data represent average values from three independent experiments � S.D. with at least 100 cells analyzed per condition.

HIV-1 Nef Membrane Interactions

MAY 16, 2014 • VOLUME 289 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 14037



suggested that SH4 domain-mediated retargeting of Nef does
not affect this Nef activity (data not shown).

We next assessed the ability of Nef to retarget endogenous
Lck from the PM to endosomes and TGN in Jurkat TAg T
lymphocytes transiently expressing the various Nef.GFP chi-
meras (15, 16). As expected, GFP or NefG2AKR.GFP had no
influence on the intracellular localization of Lck that predomi-
nantly localized to the PM, with a small fraction residing in the
perinuclear region (Fig. 5, C, left panel, and D; supplemental
Fig. S1). In contrast, Nef WT induced a potent intracellular
accumulation of Lck with only residual kinase at the PM
remaining (Fig. 5C, middle panel). Retargeting of Lck similar to
that observed with Nef WT was induced by all SH4 domain
constructs (see image for Fyn-Nef�SH4.GFP in Fig. 5C; quan-
tification in Fig. 5D; and supplemental Fig. S1).

Finally, we addressed the ability of SH4 Nef chimeras to
inhibit actin remodeling in T lymphocytes, an activity that
depends on molecular determinants distinct from those
required for modulation of vesicular transport (19, 23, 25).
Stimulation of T cells with the chemoattractant stromal cell-
derived factor 1� (SDF-1�) induces the formation of pro-
nounced F-actin-rich cell protrusions (ruffles), which are nec-
essary for directional migration toward a chemokine gradient
and the formation of which is inhibited by Nef (19). As
expected, GFP and NefG2AKR.GFP expressing Jurkat CCR7
cells displayed pronounced actin ruffles in response to SDF-1�
(Fig. 5, E, left panel, and F; and supplemental Fig. S2), whereas
Nef WT potently suppressed the formation of F-actin ruffles
(Fig. 5, E, middle panel, and F). Similar inhibition of F-actin
ruffling was observed with all SH4 domain-containing Nef.GFP
chimeras (Fig. 5, E, right panel, and F; and supplemental Fig.
S2). Together these results establish that alterations in extent of
membrane association, subcellular localization, and antero-
grade transport pathway used for PM delivery do not affect
biological activities of Nef exerted by independent molecular
determinants.

Heterologous Targeting of Nef.GFP to Specific Organelles—
The above results demonstrated a surprising insensitivity of
Nef to alterations in its subcellular localization, membrane seg-
regation, and use of transport routes to the PM, whereas mem-
brane association per se was essential for Nef activity. Given
that Nef acts as adaptor protein to host cell machineries, these
results were compatible with a scenario in which membrane-
bound Nef recruits interacting cytosolic factors irrespective of
its precise subcellular localization to modulate host cell pro-
cesses. To test this hypothesis, we sought to stably target Nef to
distinct cellular membranes while maintaining its topology as
peripheral membrane protein that is anchored to membranes
via its N terminus and is exposed to the cytoplasm. To this end,
organelle-specific transmembrane domains were fused to the N
terminus of Nef�SH4 to generate OT Nef.GFP chimeras (Fig.
6A). Targeting signals of TOM20 (66), Pex13 (49) or galactosyl-
galactosylxylosylprotein 3-�-glucuronosyltransferase 2 (50)
were used for targeting of Nef to the outer membrane of mito-
chondria (TOM20-Nef�SH4.GFP), to peroxisomes (Pex13-
Nef�SH4.GFP), or to the Golgi surface (revGlc-Nef�SH4.GFP),
respectively. Expression levels of the OT Nef.GFP proteins in Jur-
kat TAg T lymphocytes were comparable with Nef WT (Fig. 6B).

Live cell imaging of transfected HeLa cells (Fig. 6C) revealed that
this heterologous organelle targeting approach was effective:
revGlc-Nef�SH4.GFP localized to the perinuclear region,
TOM20-Nef�SH4.GFP showed the tubular pattern typically
observed for mitochondrial proteins (66, 67), and Pex13-
Nef�SH4.GFP displayed a dot-like distribution within the cyto-
plasm consistent with targeting to peroxisomes. In fixed Jurkat
TAg cells, the different OT Nef.GFP proteins showed subcellu-
lar localizations similar to those observed in live HeLa cells (Fig.
6D). The specificity of targeting to the respective organelle was
confirmed by staining for organelle-specific marker proteins in
fixed HeLa cells (Fig. 6E).

Stable Targeting of Nef to Membranes That Do Not Support
PM Delivery Disrupts Nef Function—After having confirmed
the specific subcellular distribution of the organelle-targeted
Nef.GFP proteins, they were tested for their biological activity
using the various functional assays described before. First, their
ability to down-regulate CD4 molecules from the cell surface
was analyzed. Consistent with the role of Nef as enhancer of
CD4 internalization from the PM (68, 69), none of the OT Nef
constructs showed any activity and were indistinguishable from
the GFP control (Fig. 7, A and B). Considering that the ability of
Nef.GFP to induce Lck retargeting from the PM to the perinu-
clear region does not require physical association or colocaliza-
tion of the viral protein with the kinase (16, 24, 70), it was sur-
prising that organelle targeting also compromised this activity
(Fig. 7, C and D; and supplemental Fig. S3A). Although
TOM20-Nef�SH4.GFP (Fig. 7, C, right panel, and D) com-
pletely lacked Lck retargeting activity, revGlc-Nef�SH4.GFP
and Pex13-Nef�SH4.GFP induced moderate intracellular Lck
in a minority of the cells analyzed (Fig. 7D). Consistently, none
of the different OT Nef.GFP chimera showed efficient inhibi-
tion of F-actin ruffling upon stimulation with SDF-1�. Potently
inhibited by Nef.GFP, TOM20-Nef�SH4.GFP failed to inhibit
ruffle formation, and revGlc-Nef�SH4.GFP and Pex13-
Nef�SH4.GFP only revealed moderate inhibition (Fig. 7, E and
F; and supplemental Fig. S3B). The residual activity of revGlc-
and Pex13-Nef�SH4.GFP was probably due to the slightly less
efficient targeting compared with TOM20-Nef�SH4.GFP,
which showed a clear and exclusive localization at mitochon-
dria and was undetectable at any other subcellular site. Similar
loss of function was observed for full-length Nef.GFP stably
tethered to the cytoplasmic face of the endoplasmic reticulum
(data not shown), excluding that organelle targeting of
Nef�SH4.GFP caused functional defects specific for Nef pro-
teins lacking their SH4 domain. Together, these results rule out
that membrane-associated Nef acts by titrating out cytosolic
factors but suggest that its various biological activities depend
on specific interactions during its journey from biosynthesis to
the PM and the endocytic/recycling transport machinery.

DISCUSSION

The goal of this study was to gain insight into how the
strength and specificity of Nef-membrane interactions regulate
the biological activities of the viral protein. Replacing the N-ter-
minal membrane anchor of Nef with a series of heterologous
SH4 domains resulted in stable Nef proteins that significantly
differed in the anterograde transport pathway used, their steady
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state subcellular localization, and the magnitude with which
they segregated to membrane fractions. Despite these altera-
tions, activities of Nef leading to modulation of host cell vesic-
ular transport and actin dynamics remained entirely preserved.
In contrast, tethering of Nef to the surface of unrelated organ-
elles and thus prevention of PM delivery resulted in a broad and
potent reduction of the biological activities of Nef. This char-
acterization of HIV-1 Nef proteins targeted to membranes via
various heterologous anchors provides several new insights
into the relevance and regulation of Nef-membrane interac-
tions. A first aspect relates to the overall requirement for mem-
brane association for Nef activity. Based on the use of NefG2A
or NefKR variants, it is generally assumed that membrane asso-
ciation is an essential prerequisite for the biological activities of
Nef. Although these mutants lack important determinants for
membrane association, they retain residual affinity to mem-
brane fractions and display intermediate activity and thus do

not allow drawing definite conclusions on the role of mem-
brane association for Nef function (11, 28 –31, 41– 44). In con-
trast to these previously analyzed constructs, the Nef mutant
NefG2AKR.GFP created herein lacks all known determinants for
membrane association, is entirely defective in all tested Nef activ-
ities, and thus unambiguously supports the need for membrane
association for Nef activity. Nevertheless, even NefG2AKR.GFP
displayed residual membrane association as judged by membrane
fractionation, presumably reflecting a biologically nonproductive
interaction with membrane-bound proteins. Such residual
membrane association of NefG2A.GFP or NefG2AKR.GFP
cannot be appreciated by live cell imaging in which the promi-
nent cytoplasmic pools likely prevent the detection of low
abundant membrane-associated pools.

Because our results further support the previous notion that
membrane association is a general prerequisite for a wide range
of Nef functions, the question arises of why Nef evolved to asso-
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ciate with membranes with the low affinity provided by a myr-
istoylated SH4 domain. Most SH4 domains of cellular proteins
carry an additional fatty acid membrane anchor such as a
palmitoyl moiety, which results in significantly more robust
membrane anchoring. Enhancing the membrane affinity of Nef
would only require one amino acid exchange (e.g. GC3 as in the
PalmNef construct used here); however, such a mutation has
not yet been observed in any primary HIV-1 isolate and thus is
highly unlikely to provide a selective advantage for the virus in
the infected host. One hypothesis that reconciles why Nef
requires low affinity membrane association is that Nef function
requires transient membrane interactions with high on/off
rates. Even though we did not determine precise membrane
affinities and membrane residence times, the magnitude of
steady state membrane association and thus likely their time
span of membrane association widely differed between the var-
ious SH4-Nef chimeras analyzed. The fact that all these con-
structs were similarly active in a broad range of biological activ-
ities suggests that the efficiency with which Nef dissociates

from membranes is not limiting for Nef activity. Rather, mem-
brane association per se irrespective of its duration appears to
provide an essential cue for Nef function. As suggested earlier
and supported by first experimental data very recently, this
likely reflects a structural reorganization from a closed to an
open conformation Nef undergoes upon membrane insertion
(71, 72). In this scenario, membrane association enables Nef to
undergo interactions with host cell proteins that likely stabilize
Nef membrane association, whereas the cytoplasmic majority
of Nef molecules per cell is inactive. On the other hand, this
predicts that prolonged membrane association of Nef can lead
to elevated biological activity in scenarios in which the amounts
of Nef available for membrane interactions are limiting. This
may be particularly relevant in infected primary T lymphocytes
in which the efficacy of HIV-1 replication is a result of a balance
between cell permissivity to infection and prevention of activa-
tion-induced cell death (15). Adverse effects on cell survival and
thus virus spread exerted by T cell hyperactivation induced by
efficiently membrane-associated Nef may thus explain why
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evolution selects against a more potent membrane anchor of
Nef.

Another central result of this study was that the anterograde
transport route and the specific membrane microdomain envi-
ronment used for PM delivery do not impact on the biological
activity of Nef. Given that (i) effects of Nef such as down-mod-
ulation of MHC-I molecules from the cell surface or retargeting
of Lck from the plasma membrane to recycling endosome/
TGN compartments involve the inhibition of the anterograde
transport of these molecules and (ii) Nef seems to interfere with
intracellular transport of a specific subset of membrane
microdomains (24), this result was surprising at first. However,
this is consistent with our previous findings that microdomain
association of Nef itself as well as physical association or colo-
calization with Lck is dispensable for interference with antero-
grade transport of the kinase (16, 22, 24). Together these results
predict that Nef affects Lck anterograde transport via an indi-
rect mechanism that can be exerted at a distance. In contrast,
MHC-I down-regulation from the cell surface is thought to
reflect sequestration of newly synthesized MHC-I molecules by
a Nef AP-1 (adaptor protein 1) complex at the TGN prior to
anterograde transport to the PM (63). Conceivably, segregation
of transport pathways targeted by different SH4 domains
occurs at a post-TGN sorting step, and AP-1 can be recruited by
Nef irrespective of its local membrane microenvironment,
explaining why differential SH4 domain membrane targeting
did not alter this Nef activity (data not shown). Such indepen-
dence of the specific anterograde transport route could also
explain the activity of Nef fusion proteins with transmembrane
and extracellular domains of surface receptors (CD4 or CD8) in
signal transduction and vesicular transport (27, 57, 73–78),
which are delivered to the PM by the classical secretory path-
way that is clearly distinct from the less well characterized PM
delivery routes used by SH4 domain-containing proteins (54,
60, 79 – 83).

Although heterologous SH4 domain targeting did not affect
the biological properties of Nef, the OT Nef proteins entirely
lacked activity in all functions tested. Because the topology of
Nef as peripheral membrane protein exposed to the cytoplasm
was preserved in these OT Nef proteins, this result illustrates
that the action of membrane-associated Nef cannot be simply
explained by the recruitment of cytoplasmic factors and assigns
an important role to the nature of the host cell membrane Nef
associates to. In this context the observed loss of function is
particularly surprising for revGlc-Nef�SH4.GFP because it tar-
gets Nef to the cytoplasmic surface of the Golgi and thus in
close proximity to the proposed site of action (TGN) for various
Nef activities. If not the specific site of their localization, which
characteristic could explain the functional difference between
OT and SH4 domain-containing Nef.GFP proteins? One strik-
ing difference is that all SH4 domain-containing proteins were
delivered to the PM, albeit with varying speed and efficiency,
prior to subsequent sorting to their steady state destination. In
contrast, all OT Nef.GFP proteins reached their destination
without displaying detectable PM localization (data not
shown). Our data are therefore consistent with the idea that the
PM is the exclusive subcellular site of Nef activity irrespective of
the transport route used. As discussed above, however, at least

some Nef activities, such as MHC-I down-regulation, rely on
physical association of Nef with cargo molecules during antero-
grade transport and thus likely prior to PM delivery. We there-
fore favor the hypothesis that the differential activity of OT and
SH4 domain constructs is determined by the dynamics of their
intracellular distribution. This interpretation is in line with a
model introduced by Arold and Baur (71), according to which
Nef function depends on “cycles” of the viral protein through
biosynthetic and endocytic sorting steps. In this scenario, mem-
brane-associated Nef could undergo sequential protein interac-
tions, which might explain how the viral protein can exert so
many seemingly independent functions. Because Nef exerts
these activities in the course of the cycle, the steady state local-
ization, which reflects the final and rate-limiting transport step,
does not necessarily indicate its biological activity.

The machinery mediating anterograde transport of Nef
remains to be identified. Although this might involve tradi-
tional vesicular transport routes, the abundance of non-mem-
brane-associated Nef protein in the cytoplasm could also allow
for direct recruitment of Nef to target membranes from this
soluble pool. Unlike other myristoylated proteins, Nef does not
undergo induced triggered conformational changes (myristol
switch (84)) that could regulate such membrane recruitment.
The preference of Nef for binding to highly curved membranes
(40) suggests that Nef is far more likely to attach to small trans-
port vesicles than to the less curved PM. We therefore propose
that PM delivery, from soluble cytoplasmic pools or via antero-
grade transport, involves specific transport vesicles to which
Nef remains stably attached. Once delivered to target mem-
branes such as the PM, the reduced curvature may result in
membrane dissociation of Nef unless membrane attachment is
stabilized by specific protein interactions.

Together, our results suggest that the mechanisms governing
dynamic membrane interactions of Nef are far more complex
than previously anticipated and central for the regulation of its
biological properties. Critical open questions include at which
specific subcellular sites Nef exerts its individual functions,
which cues regulate Nef membrane association and which
transport machinery delivers Nef to the PM. To address these
issues, several technical challenges will need to be overcome to
visualize the biosynthetic transport of Nef and to specifically
disrupt the transport machinery involved. Beyond its critical
role in AIDS pathogenesis, Nef will continue to serve as a valu-
able model system for studies of intracellular transport routes
for peripheral membrane proteins.
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