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The human immunodeficiency virus type 1 (HIV-1) accessory protein Nef downregulates major histo-
compatibility complex class I (MHC-I) from the cell surface. It has been proposed that the direct
interaction of the acidic cluster (AC) of Nef, 62EEEE65, with the furin binding region (fbr) of PACS-1 is
crucial for this Nef function. Contrary to this proposal, evidence is presented here that the four glutamates
in Nef do not functionally engage the PACS-1 fbr. (i) The binding of Nef to the PACS-1 fbr in vitro is much
weaker than the binding of the canonical furin AC to the PACS-1 fbr. (ii) The mutation of two of the four
glutamates in Nef’s AC to alanines does not alter Nef’s ability to downregulate MHC-I, and triply mutated
Nefs exhibit 50% activity. (iii) The introduction of lysine into the AC has little effect on Nef function. (iv)
The mutation of all four glutamates to alanine does debilitate Nef MHC-I downregulation, but this
quadruple mutation also impairs the ability of Nef to regulate p21-activated protein kinase and enhance
viral particle infectivity. (v) The replacement of the Nef AC with the bona fide AC from furin results in the
loss of the expected regulatory properties of the furin AC. (vi) The insertion of the conformation-
disrupting amino acid proline into the Nef AC does not disrupt MHC-I downregulation. Our results are
consistent with an alternative model in which 62EEEE65 plays a stabilizing role in the formation of a
ternary complex between Nef, the MHC-I cytoplasmic domain, and AP-1.

Nef is the most intensely studied of the auxiliary genes of
human immunodeficiency virus type 1 (HIV-1) (3, 4, 8, 19,
29). The major reasons for this are Nef’s multifunctionality
and the highly significant role of Nef in determining patho-
genicity (9, 16), which attract researchers with diverse per-
spectives. Particularly noteworthy in this regard is the ability
of Nef to downregulate the major histocompatibility com-
plex class I (MHC-I) from the cell surface. First described
by Schwartz et al. in 1996 (31), this phenomenon has yet to
be understood mechanistically. Until recently, the prevailing
view was that Nef achieves MHC-I downregulation by
enhancing the rate of MHC-I endocytosis. Specifically,
Thomas and coworkers (5, 6, 13) envision an initial complex
between Nef and PACS-2 (termed the NPA model) that
forms when the four contiguous glutamate residues (the
acidic cluster [AC]) in Nef (62EEEE65) engage the furin
binding region (fbr) of PACS-2. PACS-2 may bind to other
sorting molecules to target Nef to the trans-Golgi network
(TGN). The mutation of the four glutamates in Nef to four
alanines abrogates the MHC-I downregulation function
(10). At the TGN, a second structural motif of Nef, which is
proposed to be an SH3 binding domain (72PXXP75), en-
gages an unidentified src family kinase (SFK) that displaces
PACS-2. The SFK then would bind and phosphorylate
ZAP70/Syk on tyrosine, enabling ZAP70/Syk to bind the
SH2 domain of phosphatidylinositol 3-kinase (PI3K). The
resulting activation of PI3K would lead to elevated levels of

phosphatidylinositol (3,4,5)-trisphosphate, the stimulation
of the guanine nucleotide exchange factor ARNO, and the
GTP loading of ARF6. This completes the train of events
initiated by Nef/PACS-2 binding. To achieve MHC-I down-
regulation, the NPA model continues with activated ARF6
inducing the rapid internalization of MHC-I. For the in-
creased rate of MHC-I internalization to be effective in
reducing MHC-I cell surface levels, Nef also blocks the
recycling of MHC-I back to the plasma membrane. This last
Nef activity is specifically disabled by the M20A mutation (2,
6). In the latest version of the NPA model, an interaction
between 62EEEE65 and PACS-1 is suggested to play a nec-
essary role by acting downstream of the PACS-2-dependent
formation of the SFK-ZAP70/Syk-PI3K complex (5). In
summary, the NPA account of the ultimate sequestration of
MHC-I to the TGN is defined by three mutant Nefs
(62AAAA65, 72AXXA75, and M20A) that all are crippled for
MHC-I downregulation.

The last step of the NPA model partially overlaps with an
alternative model in which Nef, the cytoplasmic domain of
MHC-I, and AP-1 form a ternary complex (termed the NMA
model). This complex is proposed by two groups (24, 35) to
block MHC-I migration from the TGN to the cell surface. A
telling distinction between the NPA and NMA models is the
role of 62EEEE65. In the NPA model, 62EEEE65 is the decisive
binding element in Nef to engage both PACS-1 and PACS-2.
In the NMA model, 62EEEE65 has the subsidiary role of sta-
bilizing the Nef, MHC-I cytoplasmic domain, and AP-1 com-
plex in conjunction with P78 and possibly M20. We have un-
dertaken an evaluation of these two models by a detailed
mutational analysis of the functional significance of the
62EEEE65 domain in Nef.
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MATERIALS AND METHODS

In vitro binding assays. BL-21 pLysS cells were transformed with
pGEX2TSF2Nef, pGEX2TfurinCD (furin amino acids 739 to 794), pET32fbr
(PACS-1 amino acids 117 to 266), and pET28HckSH3 (Hck amino acids 61 to
117). A 2-ml starter culture was initiated from a single colony and grown at 37°C
with shaking to an optical density at 600 nm of 0.8. The starter culture then was
used to inoculate 50 ml of Luria-Bertani medium with the appropriate antibiotics
and grown until the culture reached an optical density at 600 nm of 0.6. Isopro-
pyl-�-D-thiogalactopyranoside (1 mM) was added to the culture for a 3-h induc-
tion of the protein. Cultures were pelleted and stored frozen at �20°C.

Pellets containing the glutathione S-transferase (GST) fusion proteins were
resuspended in 10 ml of phosphate-buffered saline (PBS) supplemented with a
protease inhibitor tablet (Roche). A concentration of 50 �g/ml of lysozyme
(Roche) was added to these resuspensions for 15 min at room temperature. The
resuspended bacteria then were sonicated (with a Fisher 550 sonic dismembra-
tor) on ice using a microtip for 1 min at power setting 3.5 and a 10-s on, 10-s off
pulse program. Bacterial lysates then were cleared by centrifugation at 13,000 �
g at 4°C for 20 min. Supernatant then was incubated with 0.5 ml of packed
glutathione Sepharose beads for 30 min at room temperature on a rotator. This
suspension then was loaded into a column. The beads then were washed with 10
ml of cold PBS three times. The bound protein was eluted with 10 mM reduced
glutathione followed by exhaustive dialysis. The protein concentration was de-
termined by the Bradford assay (Bio-Rad).

Bacterial pellets containing histidine-tagged proteins were resuspended in 10
ml of 1� nickel-nitrilotriacetic acid (Ni-NTA) bind buffer (Novagen Ni-NTA
buffer kit) along with 50 �g/ml lysozyme and a protease inhibitor tablet (Roche)
for 15 min at room temperature. The supernatant was incubated with 1 ml of
Ni-NTA beads for 1 h at 4°C. The beads were loaded onto a column and washed
with 1� Ni-NTA bind buffer plus 20 mM imidazole three times. Protein was
eluted with 1� Ni-NTA bind buffer containing 250 mM imidazole, the purity was
assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the protein concentration was determined.

Purified proteins were combined at 3 �M each in 0.5 ml of binding buffer (50
mM Tris, pH 7.5, 1% IGEPAL CA-630, 2 mM MgCl2, and 200 mM NaCl).
Binding reactions were done at room temperature or 4oC for 1 h, followed by 30
min of rotation with 50 �l glutathione Sepharose beads. Protein isolated on the
beads was washed twice with binding buffer, once with 1 M NaCl, and twice more
with binding buffer. All washes were done at 4°C. Protein was eluted with SDS
sample buffer, resolved by SDS-PAGE, and analyzed by Western blotting with
polyclonal anti-polyhistidine (Abcam).

Cell lines and culture conditions. Suspension cells were maintained in com-
plete RPMI in a 5% CO2 incubator, and adherent cells were maintained in
complete Dulbecco’s modified Eagle’s medium in a 10% CO2 incubator. Com-
plete medium included 10% fetal bovine serum (FBS), 50 IU/ml of penicillin, 50
�g/ml streptomycin, 2 mM glutamine; for suspension cells, it also was supple-
mented with 1 mM sodium pyruvate.

Expression vectors. Mutated SF2Nef coding sequences were made by site-
directed mutagenesis (Stratagene). The SF2Nefs with two alanines introduced
into the Nef AC were provided by C. Cheng-Mayer (34). These coding sequences
were introduced into pLXSN, pcDNA3.1, and the SF2 proviral molecular clone,
p9B18, by standard cloning methods.

Transductions. 293T cells were transfected with 2 �g of the amphotropic
packaging vector pEQPAM and 2 �g of the pLXSN (vector control) or appro-
priate pLNefSN vector with Lipofectamine 2000 (Invitrogen). Medium was har-
vested approximately 48 h posttransfection by being filtered through a 0.45-�m
filter (Nalgene). A 24-well plate was coated with 40 �g/well retronectin (Takara
Biomedicals, Kyoto, Japan). After 2 h at room temperature, the retronectin was
removed, 0.5 ml 2% bovine serum albumin in PBS was added for 30 min at room
temperature, and the wells were washed once with PBS (0.5 ml). Filtrate con-
taining amphotrophic vector then was added and left on the plate for 45 min at
37°C, and then this procedure was repeated. CEM cells (300,000) were trans-
duced by the retronectin-bound retroviral vector in 0.5 ml of complete RPMI
overnight at 37°C. An additional 0.5 ml of vector was added the next day. On the
following day, the cells were resuspended in a 12-well plate containing 1.5 mg/ml
G418 (Gibco) in a final volume of 2 ml. After 48 h, the cells were replated in a
6-well plate and 1 ml of medium with G418 was added. Transduced cells then
were expanded into a T75 flask without G418 for subsequent analysis.

Cell staining and flow cytometry. Cells (500,000) were labeled with anti-HLA-
A1,11,26 (One Lambda, Inc.) at 4°C. HLA-A1 is endogenously expressed by
CEM T cells. Cells then were washed twice with 2 ml fluorescence-activated cell
sorter buffer (PBS supplemented with 4% FBS), and 2 �l of fluorescein isothio-
cyanate-conjugated goat anti-mouse immunoglobulin M (Biosource) was added

for 20 min at 4°C. Washings were repeated, and then 10 �g of mouse immuno-
globulin G antibody (Sigma) was used as the block (20 min at 4°C). Washings
were repeated, and 7 �l of mouse anti-CD4-phycoerythrin (Ex�) was added (20
min at 4°C). Washings were repeated, and the cells were resuspended in 200 �l
fluorescence-activated cell sorter buffer plus 200 �l of 2% paraformaldehyde.
Cells then were analyzed by a Becton Dickinson FACSCalibur with Cell Quest
software. Nef expression levels were monitored by Western blot analysis with
sheep anti-SF2Nef antiserum.

PAK2 in vitro kinase assays. PAK2 activation assays were performed with
transduced CEM cells (106) or 293T cells (1 well of a 6-well plate) transfected
with Lipofectamine 2000 to express Nef from pcDNA3.1. The results were the
same and were combined for statistical analysis. Cells were washed with PBS and
lysed in 50 mM Tris-HCl (pH 8.0), 0.5% IGEPAL CA-630, 10% glycerol, 100
mM NaCl, 2 mM EDTA, 2 mM NaVO4, 2 mM NaF, 20 mM �-glycerophosphate,
25 mM benzamidine, and one Roche protease inhibitor tablet per 10 ml. The
supernatant fraction (13,000 � g, 10 min) of whole-cell lysates (600 �g protein)
was incubated in lysis buffer with 10 �l of sheep anti-HIV Nef antibody in a final
volume of 800 �l for 1.5 h on ice. Protein A beads (40 �l) then were added to the
lysate and rotated for 2 h at 4°C. Beads were centrifuged, washed twice with cold
lysis buffer, washed once with 1 M MgCl2, and washed twice with kinase buffer
containing 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 100 mM NaCl, 1% Triton
X-100. Beads were resuspended in 100 �l of room temperature kinase buffer.
[�-32P]ATP (30 �Ci at 3,000 Ci/mmol) was added to the beads for 10 min at
30°C. Reactions were stopped with 10 �l of 0.5 M EDTA, the beads were
centrifuged, and supernatant was removed. One hundred microliters of 1.5�
SDS loading buffer was added to the beads, and eluted protein was heated at
95°C for 5 min. Proteins were electrophoretically separated on SDS–10% PAGE
gels. Dried gels were analyzed using a Cyclone storage phosphor system (Pack-
ard) with the Optiquant image analysis program.

Production of HIV-1. Two micrograms of the SF2 proviral molecular clone
p9B18 was transfected with Lipofectamine 2000 into 293T cells. Virus was har-
vested 36 to 48 h posttransfection and filtered (filter pore size, 0.45 �m). Levels
were quantitated by a p24gag antigen enzyme-linked immunosorbent assay (en-
zyme immunoassay kit; Beckman Coulter).

HeLa-MAGI infectivity assays. A total of 80,000 HeLa-MAGI cells (17) were
seeded in 12-well plates and infected 24 h later in triplicate with 5 ng of p24gag

in 400 �l of cell culture medium containing 20 �g/ml of DEAE-dextran (Sigma).
At 2 h postinoculation, 1 ml of culture medium was added, and the cells were
incubated for an additional 36 h. The cells then were fixed with 1% formaldehyde
and 0.2% glutaraldehyde in PBS for 5 min at room temperature and stained with
a solution composed of 4 mM potassium ferrocyanide, 4 mM potassium ferri-
cyanide, 2 mM MgCl2, and 0.4 mg/ml 5-bromo-4-chloro-3-indolyl �-D-galacto-
pyranoside (X-Gal) in PBS. Single and adjacent blue cells were counted as one
infection event on an Olympus IX70 microscope.

Statistical analyses. GraphPad Prism (San Diego, CA) version 4.0 was used
for the comparison of parameters between groups by the Student’s t test. Nu-
merical values are expressed as the means � standard errors of the means.

RESULTS

The direct interaction of PACS-1 and the AC of Nef has
been reported to be required for the downregulation of
MHC-I (5, 27). Therefore, a fine-structure mutational analysis
of the Nef AC should result in a strong correlation between in
vitro binding and MHC-I downregulation activity. Accordingly,
we investigated the direct interaction of the fully functional
Nef from the proviral clone SF2 (SF2Nef) with the fbr of
PACS-1 (5). GST-SF2Nef fusion protein was incubated at 4°C
with a histidine-tagged fragment of PACS-1 containing the
17-kDa furin binding domain (ht-fbr) with both proteins at 3
�M. We found much less than 1% of the input ht-fbr bound to
GST-SF2Nef (Fig. 1A). In light of the weak binding of Nef to
the fbr, we included positive controls for the functionality of
the ht-fbr and GST-SF2Nef proteins. We first assayed the bind-
ing of the furin cytoplasmic tail to ht-fbr (Fig. 1A). As previously
reported, the phosphorylation mimic form of the furin AC
(773DDDEEDE779, GST-furin tail DDD) binds strongly to the
ht-fbr, but the dephosphorylated form (773SDSEEDE779, GST-
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furin tail SDS) does not (33). The level of specific binding of the
phosphorylation mimic form to ht-fbr was much higher than that
observed for SF2Nef. To address the possibility that our GST-
SF2Nef protein was defective, GST-SF2Nef was bound to the
histidine-tagged SH3 domain of Hck (18). The interaction be-
tween SF2Nef and ht-HckSH3 resulted in a strong association
(Fig. 1B). Although we did not observe sufficiently strong binding
in vitro to suggest that the Nef-PACS-1 interaction has functional
significance (26), the possibility remains that Nef indirectly binds
PACS-1 intracellularly.

In the absence of a strong Nef-fbr interaction in vitro, we
turned to a detailed analysis of the functional impact of mu-
tating the Nef AC. Our starting point was the quadruple mu-
tant with all four glutamates converted to alanine (62AAAA65)
that is known to lack the ability to downregulate MHC-I (10).
Less drastic mutations have not been investigated, nor has the
impact of the 62AAAA65 mutation been extensively character-
ized with regard to other Nef functions. Therefore, we ana-
lyzed SF2Nefs with two glutamates mutated to alanine
(SF2NefAAEE, SF2NefEAAE, and SF2NefEEAA) with the
expectation that two acidic residues would not constitute an
AC. These double mutants along with SF2NefAAAA were
expressed in the CEM T-cell line by retroviral transduction and
were analyzed by flow cytometry. That the quadruple mutant
SF2NefAAAA fails to downregulate the cell surface MHC-I
was confirmed, but to our surprise the three doubly mutated
Nefs were fully functional for MHC-I downregulation (Fig. 2A,

C). These four mutant Nefs downregulated CD4 and exhibited
levels of protein expression equivalent to that of SF2Nef (Fig.
2A, B, and D). To complete this mutational approach, we
made the four triply mutated Nefs retaining only a single
glutamate (SF2NefAAAE, SF2NefAAEA, SF2NefAEAA, and
SF2NefEAAA). These Nefs exhibited between 39.3% � 6.4%
and 55.3% � 4.9% of wild-type activity in downregulating
MHC-I relative to the levels for the parental SF2Nef. How-
ever, their CD4 downregulation activity and levels of expres-
sion were not affected.

Together, these findings indicated that 62EEEE65 is un-
likely to represent a region of Nef that interacts with high
specificity to PACS-1. Of particular import is the fact that
only two glutamates are required for full function, and as
shown by SF2NefEAAE, the glutamates do not have to be
contiguous. Also, it is unlikely that any of the individual E
residues is specifically interacting with the PACS-1 AC bind-
ing site, since the four possible SF2Nefs with a single E in
this region all exhibit similar partial function. Nonetheless,
an interesting feature of the putative Nef AC is the predom-
inance of glutamate over aspartate. In an extensive database
of 1,643 subtype B Nefs, approximately 90% of the residues
in the AC are E, with only 5% being D (25). Therefore, we
hypothesized that if Nef AC-mediated MHC-I downregula-
tion is a crucial function, then replacing the four glutamates
with aspartates (62DDDD65) should result in less than full
activity. Instead, we found SF2NefDDDD to be fully func-
tional for both MHC-I and CD4 downregulation (Fig. 2).
Thus, the results shown in Fig. 2 imply that two negative
charges that can vary in position are all that is required in
this region for Nef to downregulate MHC-I.

Based on the results described above, we postulated that the
Nef AC has a more generalized role involving multiple Nef
functions. This was tested by characterizing the impact of the
above-described mutant Nefs on p21-activated protein kinase 2
(PAK2) activation and the enhancement of infectivity. At
30% � 8% of wild-type activity, the 62AAAA65 mutant was
significantly defective for PAK2 activation (Fig. 3A, B). While
Nefs with two E residues were capable of fully (or nearly so)
activating PAK2, the mutants with a single E gave a more
complex pattern. SF2NefAAAA exhibited about a quarter of
the wild-type enhancement of infectivity. Single-E Nefs exhib-
ited between 43% � 14% and 58% � 10% of the wild-type
enhancement of infectivity (Fig. 3C). We also observed that
the activation of PAK2 shows a preference for glutamates over
aspartates, since the SF2NefDDDD mutant at 38% � 7%
activity of the wild type is significantly defective (Fig. 3B).
SF2NefDDDD also is partially defective for the enhancement
of infectivity (68% � 4% [n 	 3] of the level for wild-type
SF2Nef; data not shown). The latter observations may account
for the fact that glutamates are preferred in this region of the
protein over aspartates.

The concept of the AC strongly implies that substituting
basic residues for acidic residues would greatly impair func-
tion. This consideration was incorporated into the original
definition of the AC, and no known ACs include K or R (23,
32). To test this prediction, we constructed four mutant
SF2Nefs in which a single K was substituted for each of the Es.
No significant diminution was observed for MHC-I downregu-
lation except for SF2NefEEEK, which was half as active as

FIG. 1. In vitro binding between ht-fbr and GST-SF2Nef. (A) In
vitro binding reactions utilizing purified proteins from bacteria were
performed with PACS-1 ht-fbr and a GST fusion protein. A Western
blot to detect bound ht-fbr is shown at the top. Lane 1, GST negative
control; lane 2, GST-SF2Nef fusion protein; lane 3, GST-furin tail SDS
(dephosphorylated AC); lane 4, GST-furin tail DDD (phosphorylation
mimic AC); and lane 5, loading control of 1% of the ht-fbr input. The
lower panel is a Western blot with anti-GST. (B) In vitro binding
reaction with GST-SF2Nef fusion protein and histidine-tagged Hck
SH3 domain (ht-HckSH3). Lane 1, GST negative control; lane 2,
GST-SF2Nef fusion protein; and lane 3, loading control of 4% of the
ht-HckSH3 input.
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FIG. 2. Effects of reducing the negative charge within the Nef AC on Nef-mediated MHC-I and CD4 downregulation. Nine SF2Nef AC
mutants in addition to the wild-type SF2Nef were stably expressed in CEM cells, and the activity of these Nefs in MHC-I and CD4 downregulation
was determined. (A) Two-color analysis for CD4 and MHC-I cell surface expression by flow cytometry. The negative vector control (LXSN) is
shown in the upper left. (B) Western blot analysis of Nef expression in extracts from transduced CEM cells. (C) The MHC-I downregulation
phenotypes of the Nef AC mutants and the wild-type SF2Nef were analyzed; results are means � standard errors of the means from at least three
independent experiments. The percentage of cells downregulating MHC-I by SF2Nef was set at 100. (D) The CD4 downregulation phenotypes
were analyzed as described for panel C. FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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SF2Nef for MHC-I downregulation (Fig. 4A). A small reduc-
tion (59% � 22% of wild-type activity) in the ability of Nef to
activate PAK2 also was observed for SF2NefEEEK (Fig. 4B,
C). In all cases, the single-K mutations had no effect on CD4
downregulation (Fig. 4C). Again, these results do not support
the concept that the four contiguous Es function as an AC in
the sense that the bona fide AC in furin serves as a trafficking
signal by binding PACS-1. However, Agopian et al. (1) have
reported a primary brain isolate, 14ANef, with an AC of
62KEEE65 that is defective in MHC-I downregulation. Our
results shown in Fig. 4A suggest that K62 does not account for
the MHC-I downregulation defect in 14ANef. We confirmed
that 14ANef is nonfunctional for MHC-I downregulation, but
that the mutation of K62 to E (14ANefK62E) had only 12% �
4% (n 	 3) of the MHC-I downregulation activity of SF2Nef

(not shown). Therefore, we attribute the defect in 14ANef to
an amino acid(s) outside of the putative Nef AC.

Although it appears unlikely that the four-glutamate Nef AC
(6, 13) functions as a decisive structural element for Nef to
bind PACS-1 in the manner of the furin AC, we considered the
possibility that the structure of the Nef AC corresponds to that
of ACs containing five negative residues within a stretch of 10
amino acids with no requirement for phosphoserine or phos-
phothreonine (23, 32). Thus, we postulated a mechanism of
Nef AC function distinct from that of the furin AC. For Nef,
this would require adding E59, which is 95% conserved (25).
This inclusion would yield a Nef AC extending from amino
acid residues 59 to 65 (EAQEEEE). To test this alternate
hypothesis, we made SF2NefE59A and the triple mutants
SF2NefE59A/AAEE, SF2NefE59A/EAAE, and SF2NefE59A/

FIG. 3. Effects of reducing the negative charge within the Nef AC on Nef-mediated PAK2 activation and infectivity enhancement. (A) Nine
SF2Nef AC mutants in addition to the wild-type SF2Nef were stably expressed in CEM cells or transiently expressed in 293T cells. The activation
of PAK2 by Nef was assayed from extracts of these cells by an in vitro kinase reaction (top). The activity of SF2Nef was set to 100. The negative
control (Vector) represents CEM cells transduced with LXSN or 293T cells transfected with pcDNA3.1. The bottom panel is a Western blot
analysis of Nef expression in these extracts. (B) A Student’s t test was used to compare the PAK2 activation by nine AC mutant Nef proteins. The
activation of PAK2 by SF2Nef was set to 100. Note that mutated Nefs are grouped by statistical significance. (C) The SF2 molecular clones, p9B18,
p9B18Nef(�), and p9B18 with mutated Nefs were analyzed for their ability to enhance infectivity in a single-round infectivity assay of target
HeLa-MAGI cells (n 	 6).
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FIG. 4. Effects of a positively charged residue in the Nef AC on the downregulation of MHC-I. (A) CEM T cells transduced with vector alone
(LXSN), wild-type SF2Nef, or SF2Nef with a lysine substitution for each of the individual core components of the Nef AC (62KEEE65, 62EKEE65,
62EEKE65, and 62EEEK65). Cells were stained for surface MHC-I and CD4 and were analyzed by flow cytometry. A representative example is
shown from one of four independent experiments. (B) The top panel represents the effect of a basic residue in the Nef AC on the activation of
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EEAA. As demonstrated in Fig. 5, the single mutation E59A
had no effect on the downregulation of MHC-I or CD4. In the
case of the double mutants plus E59A, there were only small
negative effects on the downregulation of MHC-I compared to
those of the corresponding double mutants (Fig. 5C), which
leads us to conclude that E59 is not a significant part of a
functional AC.

We next tried to discern a mechanistic link between bona
fide ACs that serve as trafficking signals and the ability of Nef
to downregulate MHC-I by inserting the canonical furin AC
into Nef. Three nef constructs were made in which amino acids
59 to 65 (EAQEEEE) were replaced with the furin AC wild-
type sequence (SDSEEDE), the phosphorylation mimic form
(DDDEEDE), and the constitutively dephosphorylated form
(ADAEEDE). If a bona fide AC is able to function in the
context of the Nef protein, then one would expect that a Nef
containing the dephosphorylated form of the furin AC would
fail to interact with PACS-1 (Fig. 1A) and, as a result, would be
inactive for MHC-I downregulation. Instead, we observed that
all three Nefs containing the furin-like ACs were fully func-
tional for MHC-I downregulation (Fig. 6). Therefore, the furin
AC sequence is not functioning in the Nef context as it does in
furin, and we conclude that SF2NefADAEEDE is capable of
downregulating MHC-I because it contains at least two nega-
tive charges within amino acid positions 62 to 65. To be sure
that the functional sequence in these three constructs was the
last four amino acids (EEDE), we tested SF2NefE64D (i.e.,
59EAQEEDE65), which was, as expected, fully active for
MHC-I and CD4 downregulation (data not shown).

An unexpected result was that the above-described Nefs
mutated in A60 (to D) and Q61 (to S, D, or A) were entirely
incompetent for CD4 downregulation (Fig. 6). SF2NefA60D
and SF2NefQ61A were constructed and tested for their ability
to downregulate CD4. SF2NefA60D failed to downregulate
CD4, but SF2NefQ61A was fully active. Both of these point
mutations were wild type for MHC-I downregulation, demon-
strating that the segment immediately N terminal to 62EEEE65

is not involved in MHC-I downregulation (data not shown).
In the NMA model, 62EEEE65 has the relatively modest role

of stabilizing the Nef/MHC-I cytoplasmic domain/AP-1 ternary
complex by interacting with the positively charged surface of
AP-1 (24, 35). This proposed stabilizing role would allow for
considerable flexibility in AC structure. We tested this possi-
bility with charge-neutral alterations in the Nef AC secondary
structure. We have previously shown that extending the Nef
AC to five residues yields a fully functional Nef (25); therefore,
prolines were inserted before, in the middle of, and after
62EEEE65, and these Nefs (PEEEE, EEPEE, and EEEEP)
were analyzed for MHC-I and CD4 downregulation. All three
of these constructs were expressed at levels comparable to
those of the wild type and displayed at least 70% of wild-type
activity for MHC-I downregulation, but in contrast to all other

AC mutants, they were partially defective for the CD4 down-
regulation phenotype (data not shown).

In summary, we have found complex structure-function rela-
tions for the Nef AC that are most pointedly demonstrated by the
facts that SF2NefAAAA is defective for MHC-I downregulation,
PAK2 activation, and the enhancement of infectivity but fully
functional for CD4 downregulation; SF2NefDDDD is defective
for PAK2 activation, partially defective for the enhancement of
infectivity, but fully functional for MHC-I and CD4 downregula-
tion; and SF2Nefs with their ACs conformationally disrupted by
proline are partially defective for CD4 downregulation but are
wild type in their ability to downregulate MHC-I.

DISCUSSION

A PACS-1 binding motif called an AC is present in the
cytoplasmic domain of many membrane-spanning proteins (23,
30). The canonical AC in furin (SDSEEDE) is phosphorylated
and activated by casein kinase 2 at the two serines to give seven
negatively charged residues in a row. Thomas and coworkers
(5, 6, 13) have proposed that Nef contains a four-residue AC
(62EEEE65) that specifically binds Nef to PACS-1 and
PACS-2, and that this binding is crucial for Nef to downregu-
late MHC-I (the NPA model). We have shown that
SF2NefE64D downregulates MHC-I, which is consistent with
the Nef AC being functionally the same as the last four amino
acids of the furin AC. However, the relevance of the furin AC
as a model for the Nef AC has been called into question
recently. Interpreting the results of Lubben et al. (20), Atkins
and coworkers (5) have suggested that the EEDE sequence of
the furin AC is not required for furin to bind to PACS-1.
However, the Nef AC has no casein kinase 2 phosphorylation
sites; therefore, there is no other basis for its binding to
PACS-1 other than 62EEEE65. Indeed, in accord with the
above suggestion, we find that the in vitro binding of the short
Nef AC to the furin binding domain of PACS-1 is very weak
compared to that of the long furin cytoplasmic tail AC (Fig. 1).
An alternate possibility is that the Nef AC consists of five
glutamates (59EAQEEEE65), but mutational analysis demon-
strated that E59 is at best marginally involved in the down-
regulation of MHC-I (Fig. 5). Further, the incorporation of the
bona fide furin AC into Nef resulted in the loss of the regula-
tory properties of the furin AC (Fig. 6). Mutational studies
demonstrated that the Nef downregulation of MHC-I requires
only a net of two negative charges in Nef’s putative AC (Fig. 2
and 4), and we also noted that the quadruple mutation of
62EEEE65 to 62AAAA65 exhibits multiple functional defects in
addition to that of MHC-I downregulation (Fig. 3). In sum, our
efforts to mechanistically define AC function in Nef have been
unsuccessful, other than confirming the inability of the qua-
druple mutation (SF2NefAAAA) to downregulate MHC-I.

The lack of experimental support for the assigned role of

PAK2. PAK2 activity was assayed from extracts of transduced CEM. The PAK2 activity of SF2Nef was set to 100. The negative control represents
cells transduced with vector (LXSN). The bottom panel is a Western blot analysis of Nef expression in these extracts. (C) The average of four
independent experiments was used to determine the effect of lysine substitutions in the AC on the percentage of cells downregulating either MHC-I
(left) or CD4 (middle) or the activation of PAK2 by Nef (right), and the effects of the mutants compared to that of wild-type SF2Nef were analyzed
by Student’s t test. FITC, fluorescein isothiocyanate; PE, phycoerythrin.

VOL. 82, 2008 Nef ACIDIC CLUSTER 9663



9664 BAUGH ET AL. J. VIROL.



62EEEE65 in the NPA model led us to consider the models of
Noviello and coworkers (24) and Wonderlich and coworkers
(35). In these highly similar models (the NMA models), the
Nef AC is proposed to have a stabilizing effect on the forma-
tion of a ternary complex among Nef, MHC-I cytoplasmic
domain, and AP-1. As a stabilizing factor, it is distinctly pos-
sible that the Nef AC tolerates a high degree of structural
flexibility and is still functional. To test for the possible struc-
tural flexibility of the Nef AC, we have induced altered con-
formations in the Nef AC by inserting prolines (PEEEE,
EEPEE, and EEEEP) and found little effect on the ability of
Nef to downregulate MHC-I, although variable negative ef-
fects were found for CD4 downregulation. Therefore, our in-
vestigations support the role assigned to the Nef AC by the
NMA model.

In addition to different roles for the Nef AC in the NPA
and NMA models, the two models also differ with regard to
the importance of the enhanced endocytosis of MHC-I. In
the NPA model, a complex train of events accelerates the
internalization of MHC-I from the plasma membrane. For
example, Blagoveshchenskaya et al. (6) report a twofold
increase in the MHC-I internalization of externally labeled
MHC-I molecules in HeLa-CD4 cells that express Nef rel-
ative to that of control cells. This enhanced internalization
levels off at a 10% reduction of the cell surface label by 10
min. An alternate interpretation of this quick cessation in
the internalization of label is that a rapid equilibration of
labeled cell surface protein with a small unlabeled intracel-
lular pool by a recycling process results in a slight dilution of
label on the cell surface (22, 28). A small effect on MHC-I
recycling is unlikely to play a significant role in Nef-induced
MHC-I downregulation (14). In the NMA model, the inter-
nalization of cell surface MHC-I does not have a significant
role. Instead, Nef diverts newly synthesized MHC-I off the
default pathway (to the plasma membrane) to the paranu-
clear region of the cell (15, 20, 29).

The mechanism of the downregulation of MHC-I in the
NMA model is that Nef forms a binding site for AP-1 that
minimally contains the MHC-I cytoplasmic tail, 62EEEE65,
and P78 (24, 35). AP-1 is then the effecter that reroutes
MHC-I from its normal transport to the plasma membrane
(29). Both groups observed that the 62AAAA65 mutation
blocked ternary-complex formation, leading to the sugges-
tion that the tetraglutamate segment of Nef interacts with a
cluster of positive charges present on the AP-1 subunit �1.
We find this proposal to be consistent with our results, in
that in the NMA model the tetraglutamate segment of Nef
plays a contributing role as part of a cooperative interaction
with AP-1 instead of being the decisive determinant in the
binding of Nef to PACS-1 and PACS-2. Therefore, P78 (and
possibly other yet-to-be-identified Nef residues) and the

cytoplasmic tail of MHC-I could form a weak binding site
for AP-1 that requires stabilization by the negative charges
of the tetraglutamate segment, with two glutamates suffi-
ciently stabilizing the interaction to allow for full function

FIG. 5. Analysis of the role of glutamate 59 in the downregulation of MHC-I by Nef. (A) CEM cells transduced with vector alone, wild-type SF2Nef,
SF2Nef E59A, SF2Nef double mutants (62AAEE65, 62EAAE65, and 62EEAA65), or SF2Nef E59A on the background of the double mutants (E59A/
62AAEE65, E59A/62EAAE65, and E59A/62EEAA65) were stained for surface MHC-I and CD4 and analyzed by flow cytometry. One of three or more
independent experiments is shown. (B) Western blot analysis of the expression of the Nef proteins analyzed in panel A. (C) A graphical analysis of the
effects of mutating the SF2Nef acidic residue E59 on the background of the double mutants 62AAEE65, 62EAAE65, and 62EEAA65 on Nef-mediated
MHC-I (C) and CD4 (D) downregulation. The value for SF2Nef was set to 100. FITC, fluorescein isothiocyanate; PE, phycoerythrin.

FIG. 6. Analysis of the activity of the furin AC substituted for the AC in
Nef. The sequence of a nonphosphorylatable form of the furin AC
(ADAEEDE), a phosphorylation mimic form (DDDEEDE), and the native
furin AC sequence (SDSEEDE) were substituted for Nef amino acid resi-
dues 59 to 65. (A) Flow cytometric analyses of the MHC-I and CD4 surface
expression of CEM cells transduced with wild-type SF2Nef and SF2Nefs
containing furin AC sequences of Nef are depicted. (B) The furin AC se-
quences on the Nef background, in addition to the wild-type SF2Nef, were
stably expressed in CEM cells, and the activation of PAK2 by Nef was assayed
from extracts of these cells by an in vitro kinase reaction in the top panel. The
PAK2 activation of SF2Nef was set to 100. The negative control represents
cells transduced with vector alone (LXSN). Western blot analysis of Nef
proteins present in cell lysates is shown in the lower panel. (C) A graphical
analysis of the effects of substituting the furin AC on Nef-mediated MHC-I
(left panel) and CD4 (right panel) downregulation. The downregulation of
wild-type SF2Nef was set to 100%. FITC, fluorescein isothiocyanate; PE,
phycoerythrin.
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and a single glutamate resulting in partial function (Fig. 2).
In this way, the failure of SF2NefAAAA to downregulate
MHC-I can be accounted for independently of an interac-
tion with PACS-1 and elevated rates of MHC-I endocytosis.

In Fig. 7, the amino acids discussed in this paper are displayed
on the surface of a three-dimensional presentation of Nef (11).
The region that is just N terminal of the Nef AC is looped behind
62EEEE65. Present in the N-terminal segment is amino acid A60,
along with W57 and L58. The latter two residues are proposed to
directly interact with the cytoplasmic tail of CD4 (12, 21). To the
C-terminal side of 62EEEE65 are three 99.5% conserved residues,
V66, G67, and F68 of unknown function (25), followed by the
polyproline tract, 69PVRPQVPLRP78. In general, mutations in
the Nef AC and polyproline tract are deleterious for MHC-I
downregulation and are partially to wholly defective for PAK2

activation and the enhancement of infectivity but not CD4 down-
regulation. Amino acids in these regions have been given roles in
MHC-I downregulation in both the NPA and NMA models. A
crucial Nef residue that has not been included in either the NPA
or NMA model is D123. The conservative mutation D123E ab-
rogates MHC-I downregulation, CD4 downregulation, and the
enhancement of infectivity but activates PAK2 twofold over wild-
type levels (25). It has been suggested previously that the regions
on the surface of Nef that are important for MHC-I downregu-
lation and CD4 downregulation are distinct but overlapping and
that D123 is in the overlap (7). M20 is not shown in Fig. 7,
because it is in the long, flexible N-terminal segment of Nef that
is not highly structured. Incorporating all of the structural fea-
tures of Nef required for MHC-I downregulation will be neces-
sary before a complete mechanism can be described. We are

FIG. 7. Location of amino acid residues on the surface of Nef that are necessary for the downregulation of MHC-I. The amino acids mutated
in this study are on the surface of the Nef protein (Protein Data Bank entry 2nef). The space-filling, colored residues are the following: green,
57WLEAQ61; red, 62EEEE65; orange, 66VGF68; yellow with prolines in purple, 69PVRPQVPLRP78; and pink, D123.
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extending our mutational studies to further characterize the ef-
fecter domain on Nef that accounts for MHC-I downregulation.
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