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ABSTRACT: Using heteronuclear NMR spectroscopy, we demonstrate that a 13-residue peptide (MS-
QIKRLLSEKKT) from the cytoplasmic tail of CD4 binds to Nef protein. This part of CD4 is critical for
downregulation of CD4 by HIV-1 Nef [Aiken et al. (1994)Cell 76, 853-864]. We show that a control
peptide without the central dileucine does not bind to Nef. The dependence of Nef1H and15N amide
chemical shifts on peptide concentration indicates that the binding is in the fast chemical exchange limit,
with a dissociation constantKd of ∼1 mM. The peptide binding site has been mapped onto the previously
determined solution structure of HIV-1 Nef [Grzesiek et al. (1996)Nat. Struct. Biol. 3, 340-345] on the
basis of peptide-induced chemical shift changes. It comprises amino acids W57, L58, E59, G95, G96,
L97, R106, and L110. When Nef is complexed to the SH3 domain of Hck tyrosine protein kinase, the
peptide binds to the same site on Nef but with slightly higher affinity (Kd∼ 0.5 mM). This indicates that
the binding of CD4 and Hck SH3 to Nef are two compatible and slightly cooperative events.

HIV-11 Nef is a 206-residue, N-terminal myristylated and
membrane-associated protein that is expressed at high levels
in the early stages of HIV infection (Cullen, 1994). Today,
it is the only member of a group of so-called accessory
proteins in primate lentiviruses for which the three-
dimensional structure has been solved (Grzesiek et al., 1996).
Although early reports suggested a negative effect on viral
replication (Luciw et al., 1987; Ahmad & Venkatesan, 1988;
Cheng-Mayer et al., 1989; Niederman et al., 1989), more
recent evidence has established a positive role ofnef in viral
replication and disease pathogenesis (Kestler et al., 1991;
Daniel et al., 1992; Zazopoulos et al., 1992; de Ronde et al.
1992; Miller et al., 1994; Spina et al., 1994; Deacon et al.,
1995; Kirchhoff et al., 1995; Whatmore et al., 1995).
Infection by HIV-1 results in a significant downregulation

of CD4, a type I integral membrane protein which is essential
for T-cell activation and also serves as a specific receptor
for the HIV-1 virus [for a recent review, see Bour et al.
(1995)]. This downregulation occurs in part in the endoplas-
mic reticulum and results from trapping or degradation of
CD4 by HIV-1 envelope glycoprotein 160 (Crise et al., 1990;
Jabbar & Nayak, 1990) or the Vpu protein (Willey et al.,
1992), respectively. In addition, both HIV-1 and SIV Nef
downregulate cell-surface CD4, even in the absence of other
viral gene products (Benson et al., 1993; Garcia et al., 1993;
Foster et al., 1994; Garcia & Miller 1991; Guy et al., 1987;

Skowronski et al., 1993). CD4 downregulation and en-
hancement of viral infectivity by Nef seem to be dissociated
events (Goldsmith et al., 1994; Chowers et al., 1995; Saksela
et al., 1995). In Nef, a highly conserved proline-x-x repeat
(amino acids 69-78), reminiscent of SH3 binding motifs
(Shugars et al., 1993; Saksela et al., 1995), is critical for the
viral infectivity enhancement function but is not essential
for CD4 downregulation (Goldsmith et al., 1994; Saksela et
al., 1995). On the other hand, the membrane-targeting
sequence at the Nef N-terminus and a glutamic acid rich
region (amino acids 60-71) preceding the Pxx repeat are
important for both functions (Goldsmith et al., 1994; Aiken
et al., 1994).

Downregulation of CD4 by Nef occurs by posttranslational
endocytosis after CD4 has been transported to the plasma
membrane in a tight complex with the T-cell tyrosine kinase
p56lck (Aiken et al., 1994; Rhee & Marsh, 1994). In Nef-
expressing cell lines an accelerated dissociation of this CD4-
p56lck complex is observed (Rhee & Marsh, 1994), but
conflicting evidence exists for a negative (Goldsmith et al.,
1994) or positive (Bandres et al., 1995) effect of p56lck on
the downregulation of CD4 by Nef. The C-terminal cyto-
plasmic tail of CD4 is required for this downregulation by
Nef (Garcia et al., 1993). This CD4 C-terminal region is
also sufficient for the downregulation, since CD8 molecules
which are normally unaffected by Nef become down-
regulated when the the CD8 cytoplasmic domain is replaced
by the CD4 cytoplasmic domain (Aiken et al., 1994;
Anderson et al., 1994). Within this cytoplasmic tail (amino
acids 396-433 of CD4), the last 15 amino acids can be
deleted without affecting the downregulation (Aiken et al.,
1994; Anderson et al., 1994). In contrast, the requirement
of amino acids 408-418 of CD4 and in particular of the
dileucine L413/L414 for the downregulation by Nef has been
established by site-directed mutagenesis (Aiken et al., 1994;
Anderson et al., 1994; Salghetti et al., 1995). This Nef
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susceptibility motif in the cytoplasmic domain of CD4
overlaps at least in part with amino acids involved in the
binding of CD4 to p56lck, but two cysteines (420 and 422)
important for the p56lck association are dispensable for the
Nef-induced downregulation (Aiken et al., 1994; Anderson
et al., 1994; Salghetti et al., 1995).
Although direct interaction of Nef with either CD4 or

p56lck or their complex seems an appealing model which
would unify many of the experimental observations, experi-
mental evidence for such an association has been contradic-
tory: Direct interaction between Nef and CD4 has been
reported in baculovirus-infected Sf9 cells (Harris & Neil,
1994) and in the yeast two-hybrid system (Rossi et al., 1996).
However, attempts to coimmunoprecipitate Nef and CD4 in
other cellular systems have failed (Aiken et al., 1994;
Anderson et al., 1994). Likewise, binding of Nef (Kd∼ 250
nM) s and also of a Nef peptide containing the polyproline
repeats to the Hck SH3 domain has been reported as one
of the strongest SH3-mediated interactions, but no binding
of this Nef peptide to p56lck SH3 was found in a filter binding
assay (Saksela et al., 1995; Lee et al., 1995). Recently,
however, direct interaction of Nef and p56lck has been shown
by coimmunoprecipitation (Greenway et al., 1995; Collette
et al., 1996).
In this report we show by solution NMR spectroscopy that

a 13 amino acid peptide (MSQIKRLLSEKKT), i.e., amino
acids 407-419 of the cytoplasmic tail of CD4, binds directly
to Nef mutants lacking the N-terminal membrane targeting
signal. The chemical shift changes of the Nef amide1H and
15N nuclei induced by peptide binding are mapped onto the
solution structure of Nef (Grzesiek et al., 1996). They
delineate a binding surface encompassing amino acids W57,
G96, R106, and I109. The peptide binding is in the fast
chemical exchange limit and relatively weak (Kd ∼ 1 mM).
However, when the same binding experiments are carried
out for the peptide and the strongly bound Nef-Hck SH3
complex, the binding affinity increases (Kd ∼ 0.5 mM),
whereas the pattern of chemical shift changes remains largely
unchanged.

MATERIALS AND METHODS

Sample Preparation.The following uniformly15N-labeled
Nef (strain BH10) protein constructs, all containing a Cys206
f Ala mutation, were prepared as described in Grzesiek et
al. (1996): a deletion of residues 2-39 (Nef∆2-39), a deletion
of residues 2-39 and of a part of a long solvent-exposed
loop (Grzesiek et al., 1996) comprising residues 159-173
(Nef∆2-39,∆159-173), and a Thr71f Arg mutant of the latter
construct (Nef∆2-39,∆159-173,T71R). The sequence numbering
for Nef is the same as given by Shugars et al. (1993). The
non-isotope-labeled SH3 domain of murine Hck tyrosine
protein kinase was generated as described before (Grzesiek
et al., 1996). The two peptides MSQIKRLLSEKKT (PLL)
and MSQIKRAASEKKT (PAA) were prepared using an
Applied Biosystems 430A peptide synthesizer and purified
by reverse-phase HPLC. For each of the titration experi-
ments, 400µL solutions of 0.6 mM Nef (uniformly labeled
in 15N), 5 mM Tris (nondeuterated), and 10 mM DTT
(nondeuterated), pH 8.1 (95% H2O/5% D2O), were prepared
in a 5 mm NMR sample tube. For the titration of the Nef-
SH3 complex the solutions contained additionally 0.6 mM
Hck SH3. In order to keep dilution and NMR signal loss at

a minimum, titrations with the two peptides were carried
out by adding miroliter amounts of concentrated peptide
stock solutions of either 7.5 or 30 mM to the NMR samples.
Concentrations of the peptide stock solutions were derived
from the dry weight of the lyophilized peptide. The accuracy
of the concentrations of PAA relative to PLL and Nef was
verified by quantitative, one-dimensional1H NMR spectros-
copy. Corresponding aliquots of the peptide solution were
applied through a disposable glass micropipet to the sample
inside the NMR tube at room temperature followed by
thorough stirring. Thereafter, for each titration point a one-
dimensional proton spectrum (1-1 echo; Sklenar & Bax,
1987) and a two-dimensional water flip-back15N-edited
HSQC spectrum (Grzesiek & Bax, 1993) were recorded at
308 K.
NMR Spectroscopy.All NMR experiments were carried

out on a Bruker AMX-600 spectrometer, equipped with a
triple-resonance probe head that contained a self-shielded
z-gradient coil. The15N-edited HSQC data were recorded
as 512 (100) complex points, with 55 ms (60 ms) acquisition
times, apodized by 60° shifted sine-squared (sine) window
functions, and zero filled to 1024 (512) points for1H (15N),
respectively. A total of 12 scans per FID was accumulated,
leading to a measuring time of 40 min per HSQC spectrum.

RESULTS AND DISCUSSION

CD4 Peptide Titration: Nef Amide Chemical Shifts.
Quantification of chemical shift changes in a protein upon
ligand binding is a sensitive method for measuring the
strength of such interactions and for defining the protein’s
interaction surface (Otting et al., 1990; Go¨rlach et al., 1992;
Chen et al., 1993; Emerson et al., 1995). In the present study
we use two-dimensional1H-15N NMR spectroscopy to
monitor the chemical shift changes observed in several Nef
mutants upon binding of the peptide PLL of the CD4
cytoplasmic tail and a control peptide, PAA.
In the cellular environment, Nef is anchored to the

membrane via an N-terminal myristyl group. In aqueous
solution, full-length Nef aggregates at the concentrations
needed for detailed NMR studies, but this aggregation is
alleviated for mutants lacking the N-terminal 38 residues.
Comparison of two-dimensional1H-15N NMR spectra
recorded for truncated and full-length Nef indicates that the
ca. 50 N-terminal residues are highly flexible, with near-
random coil chemical shifts and very rapid exchange of the
peptide amide protons with solvent. The chemical shifts for
the amides in the remainder of the protein are not signifi-
cantly affected by the N-terminal deletion, indicating that
its structure is not influenced by this deletion (Freund et al.,
1994; Bax and Wingfield, unpublished results). A further
improvement in the quality of the NMR spectrum is obtained
when 15 residues in a long, solvent-exposed flexible loop
are deleted (Nef∆2-39,∆159-173), again without affecting the
chemical shifts or the NOE contacts for the remaining
residues (Grzesiek et al., 1996). In the present study we
report on the binding of the PLL peptide to these two mutants
and to a third mutant (Nef∆2-39,∆159-173,T71R) where threonine
71 is replaced by an arginine. Many Nef sequences derived
from HIV patients contain this mutation at residue 71, and
tighter binding of NefT71R to Hck SH3 was reported (Saksela
et al., 1995).
Figure 1 shows small regions of the1H-15N HSQC spectra

of Nef for the titrations of PLL-Nef∆2-39(Figure 1a-c), PLL-
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Nef∆2-39,∆159-173,T71R+ SH3 (Figure 1d-f), and the control
PAA-Nef∆2-39,∆159-173,T71R(Figure 1g-i). Columns 1-3 in
Figure 1 correspond to molar ratios of peptide to Nef of
approximately 0, 1, and 7, respectively. Besides an overall
line broadening with increasing addition of peptide (∼25%
for the highest peptide concentration) the spectra remain
largely the same, and chemical shift changes occur only for
a small number of residues in the case of PLL (Figure 1a-
c,d-f). The observed chemical shift changes are a continu-
ous and monotonic function of the amount of added peptide,
which indicates that binding of PLL to Nef or Nef+ SH3 is
in the fast chemical exchange limit on the NMR time scale.
No chemical shift changes are observed when the control
peptide, PAA, is added (Figure 1g-i).
The largest amide chemical shift changes are observed for

residues close to W57 in the primary sequence, and the path
of the W57 and E59 resonances during the titration has been
marked in Figure 1. Interestingly, all three Nef mutants have
the same binding affinity to PLL (see below, Figure 2), and
their chemical shifts change in the same way during the
titration with PLL (data not shown). This indicates that the
conformationally disordered loop connectingâ strands 4 and
5 (residues 146-181) is not involved in the interaction with
the CD4 peptide. Neither is this loop involved in the binding
of Nef to Hck SH3 (Grzesiek et al., 1996). Similarly, the
binding behavior of PLL to Nef or the Nef-SH3 complex is
not affected by the point mutation T71R; i.e., for both
Nef∆2-39,∆159-173 and Nef∆2-39,∆159-173,T71Rthe same binding
affinity and pattern of chemical shift changes is observed
(data not shown).
Figure 1d-f shows the titration of the complex of

Nef∆2-39,∆159-173,T71Rand Hck SH3 with the PLL peptide. Upon
addition of PLL, significant amide chemical shift changes are

observed for the same amino acids as for free Nef, with the
largest changes again around W57. However, some of the
changes are more pronounced: For example, the amide
proton of W57 shifts by 0.3 ppm for free Nef (Figure 1a-c)
and by 0.4 ppm for the Nef-SH3 complex (Figure 1d-f),
whereas the amide nitrogen of E93 shifts by 0.3 and 1 ppm
in the free and complexed form, respectively.

As a control for the specificity of binding, a titration of
Nef was carried out with the PAA peptide where the critical
dileucine motif of PLL is replaced by two alanines. Results
shown in Figure 1g-i indicate the absence of any significant
Nef amide chemical shift changes, including those residues
which are affected most by the binding of PLL (e.g., W57,
L58, E59, or L117). However, at the highest peptide
concentration (3.6 mM) some line broadening occurs which
is not limited to residues in the PLL binding region.
Apparently, this is a result of a much weaker and nonspecific
interaction.

Binding Affinity of PLL and Nef. Figure 2 shows the
weighted average of the E59 amide1H and 15N chemical
shift changes,∆av, as a function of the molar ratio of peptide
to Nef. Clearly, complex formation of PLL with Nef∆2-39

(9) or with the loop deletion mutant Nef∆2-39,∆159-173,T71R

([) is indistinguishable. The chemical shift changes of
the amide of E59 are, however, slightly larger when
Nef∆2-39,∆159-173,T71R is complexed to the Hck SH3 domain
(b). Under saturating conditions∆av reaches a value of
>0.33 ppm for the Nef-SH3 complex whereas for Nef
without SH3∆av levels off at about 0.28 ppm. Larger amide
chemical shift changes in Nef-SH3 are also observed for
other amino acids, e.g., W57 (see above), and a similar
increase in chemical shift changes is found for the1H methyl
resonances of L97 which are resolved in the upfield region
of the proton spectrum (Figure 3). The L97δ1 and L97δ2
1H resonances shift by 0.03 and 0.05 ppm, respectively, when
Nef∆2-39,∆159-173,T71Ris saturated by PLL (Figure 3A) but shift
by 0.06 and 0.09 ppm for the Nef∆2-39,∆159-173,T71R-Hck SH3
complex (Figure 3B).

FIGURE 1: Small regions of1H-15N HSQC spectra of Nef as a
function of added peptide PLL or PAA. (a-c) Nef∆2-39 + PLL; (d-
f) [Nef∆2-39,∆159-173,T71R+ SH3]+ PLL; (g-i) Nef∆2-39,∆159-173,T71R

+ PAA. Concentrations (in mM) of Nef (peptide) are respectively
(a) 0.59 (0.00), (b) 0.54 (0.61), (c) 0.49 (3.70), (d) 0.59 (0.00), (e)
0.54 (0.68), (f) 0.47 (4.10), (g) 0.65 (0.00), (h) 0.62 (0.42), and (i)
0.56 (3.62). For the Nef∆2-39,∆159-173,T71R+ SH3 complex the SH3
concentration equals the Nef concentration.

FIGURE 2: Weighted average of the E59 amide1HN and 15N
chemical shift changes,∆av (∆av ) [(∆δ2

HN + ∆δ2
N/25)/2]1/2),

as a function of the molar ratio of peptide to Nef. Symbols: (9)
Nef∆2-39 + PLL; ([) Nef∆2-39,∆159-173,T71R + PLL; (b)
[Nef∆2-39,∆159-173,T71R+ SH3]+ PLL; (O) same as (b) but scaled
vertically by 0.8; (2): Nef∆2-39,∆159-173,T71R+ PAA. Nef concentra-
tions during the titration were∼0.5-0.6 mM (see Figure 1).
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For E59, the difference in amide proton chemical shifts
between free Nef and peptide-saturated Nef is 0.3 ppm ()180
Hz) for both Nef∆2-39(Figure 1a-c) and Nef∆2-39,∆159-173,T71R

+ SH3 (Figure 1d-f). As the resonance for E59 is
broadened by only∼13 Hz for nonsaturating concentrations
of the peptide PLL (Figure 1b,e), the exchange between the
bound and free state is considerably faster than 180 Hz.
For the Nef∆2-39,∆159-173,T71R-SH3 complex, the midpoint

of the chemical shift changes is observed at a molar ratio of
PLL to Nef of ∼1.3 (Figure 2). This ratio is significantly
lower than the midpoint ratio of>2.2, found for the titration
of either Nef∆2-39 or Nef∆2-39,∆159-173,T71R(Figure 2). These
results indicate that PLL binds to Nef-SH3 with a higher
affinity than to Nef alone. Assuming a simple binary
reaction between Nef and PLL, analysis by nonlinear curve
fitting yields values forKd of 0.49( 0.09, 1.18( 0.21, and
1.43( 0.26 mM for Nef∆2-39,∆159-173,T71R+ SH3, Nef∆2-39,
and Nef∆2-39,∆159-173,T71R, respectively. Errors in this fit take
into account the accuracy of the fit and the reproducibility
of fitting the chemical shift changes for two different residues
(E59 and W57) for the same titration, as well as the
reproducibility of two independent titrations. To illustrate
more clearly this difference in affinity for Nef-SH3 and Nef
alone, open circles in Figure 2 show the titration results for
Nef∆2-39,∆159-173,T71R-SH3 with the last point scaled to the
last point of the Nef∆2-39,∆159-173,T71R titration. As already
evidenced in Figure 1g-i, titration of Nef∆2-39,∆159-173,T71R

with the control peptide PAA does not result in significant
changes of the E59 amide shifts (Figure 2,2).
Mapping of the Nef CD4 Binding Surface.The amide

chemical shift changes in Nef∆2-39 induced by binding PLL
are shown as a function of residue number in Figure 4A.
The largest changes are clustered around residues L58, G96,
and L110, sites which are clearly different from the locations
of maximal chemical shift change observed upon complex
formation between Nef∆2-39,∆159-173and Hck SH3 (Grzesiek
et al., 1996). The latter changes (Figure 4B) are observed
mainly in the region of the Pxx repeat (residues Q73 and
V74) and near residue H116. Most of the Nef side chain

Gln and Asn15N-1H2 resonances have not been assigned
sequence specifically. Upon binding of PLL to Nef, however,
only one15N-1H2 resonance pair, presumably belonging to
Q61, shifts measurably (maximal∆av ) 0.14). Two (W57
and W113) of the five Trp side chain NεH groups also show
considerable perturbations (maximal∆av ) 0.26 and 0.11,
respectively). This coincides with the significant perturbation
of the backbone amide resonances observed for these residues
(Figure 4A).
The amide chemical shift changes induced by PLL binding

are color coded on a tubular representation of the backbone
of Nef∆2-39,∆159-173 (Figure 5A) as well as on a space-filling
model (Figure 5B,C). The residues most strongly affected
by binding (W57, L58, E59, A60, G95, G96, L97, R106,
I109, L110) delineate a hydrophobic patch on the surface of
Nef which is centered at the HIV protease cleavage site
(residues W57, L58; Freund et al., 1994). This interaction
surface comprises the protease cleavage site itself and the
first part of an extended stretch connecting helices 1 and 2,
i.e., G95, G96, and L97, as well as the inner side of the
N-terminal part of helix 2. The chemical shift changes seen
for the HN and N resonances of T71 (∆av∼ 0.1 ppm, color
coded in yellow in Figure 5), which is separated from the
other residues affected by PLL binding, presumably reflect a
slight rearrangement of the C-terminal end of helix 2 which
is in contact with T71. The same chemical shift changes
are seen for the HN and N resonances of R71 in the T71R
Nef constructs.
Residues W57, L58, and E59 at the HIV protease cleavage

site are the most strongly affected by the binding of the
peptide PLL. These amino acids are followed in the primary
sequence by residues A60 to F68 which connect the HIV
protease cleavage site to the polyproline repeat. On the basis
of 15N relaxation measurements (S. Grzesiek, N. Tjandra,
S. Stahl, P. Wingfield, and A. Bax, manuscript in
preparation) residues 59-70 are highly mobile and their
structure is not very well defined (Grzesiek et al., 1996).
Residues 55-59 are considerably less mobile, while the
observation of amide protons for residues N-terminal of C55
is severely hindered by the fast exchange with bulk water.

FIGURE 3: Chemical shift changes in the resolved methyl region
of the 1H spectrum of Nef in the presence of increasing amounts
(from bottom to top) of peptide PLL. Panels: (A) Nef∆2-39,∆159-173,T71R;
(B) Nef∆2-39,∆159-173,T71R + Hck SH3 (1:1 complex). Nef and
peptide concentrations (in mM) were respectively (A) 0.56, 0
(bottom), 0.51, 0.64 (middle), and 0.46, 8.35 (top) and (B) 0.59,
0.0 (bottom), and 0.54, 0.68 (middle), and 0.47, 8.72 (top).

FIGURE 4: (A) Average amide chemical shift changes∆av in Nef
induced upon binding of PLL to Nef∆2-39 as a function of residue
number (0.49 mM Nef∆2-39, 3.70 mM PLL). (B) Average chemical
shift changes of the1HN, 15N, 13CR, 13Câ nuclei observed in
Nef∆2-39,∆159-173 (Grzesiek et al., 1996) induced upon binding of
SH3 (1:1 complex). The average change in chemical shift was
calculated as [(∆δ2

HN + ∆δ2
N/25 + ∆δ2

CR/4 + ∆δ2
Câ/4)/4]1/2.
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However, the contact between the protease cleavage site and
the extended stretch between helices 1 and 2 and also the
first part of helix 2 is well established by a set of
unambiguous NOEs from amino acids W57 and L58 to G95,
L97, L100, I109, and L110. Interestingly, the mobile region
between E59 and V70 contains a highly conserved cluster
of negatively charged residues, i.e., E62, E63, E64, E65
(Shugars et al., 1993), that could interact favorably with
positive charges on the CD4 molecule which harbors 8
arginines and 4 lysines in the 40 residues of its cytoplasmic
tail (Bour et al., 1995).
The highly conserved Nef residues V74 and R77, corre-

sponding to the canonical P0 and P-3 binding positions for
SH3 domains, indicate binding of Nef to Hck SH3 in the
minus orientation (Lim et al., 1994; Feng et al., 1994).
Together with the known structure of a polyproline/SEM5-
SH3 complex (Lim et al., 1994) and the chemical shift
changes on the Nef surface induced by SH3 binding, this
provided enough information for modeling the position of
the bound SH3 domain (Grzesiek et al., 1996). Figure 5
also shows this modeled position of the SH3 domain (SEM5,
magenta). Our results indicate that the position of the SH3
domain does not obstruct Nef’s interaction surface with the
CD4 peptide. As the RT loop of the SH3 domain inserts
itself between helices 1 and 2, we hypothesize that binding
of the SH3 domain to Nef slightly widens the space between
residues 57/58 and its surrounding neighbors (Figure 5B).
This could expose a larger hydrophobic interaction area,
namely, a larger surface of leucine and isoleucine residues
(e.g., L58, L97, L100, I109), to the PLL dileucine motif,
thereby enhancing its binding affinity to Nef. The more
pronounced chemical shift changes for the amide nuclei
(Figures 1 and 2) and methyl resonances of L97 (Figure 3)
observed upon binding of PLL to the Nef-SH3 complex as
compared to Nef alone corroborate this hypothesis.

CONCLUSION

In this report we have demonstrated that Nef, without any
accessory proteins, is able to bind to a peptide (MS-
QIKRLLSEKKT) of the CD4 cytoplasmic tail which is
essential for the CD4 downregulation function of Nef (Aiken
et al., 1994; Anderson et al., 1994; Salghetti et al., 1995).
Although the affinity is relatively low (Kd ∼ 1 mM), this
binding is nevertheless specific as it delineates a well-defined

FIGURE 5: Backbone worm (A) and space-filling (B, C) models of
Nef with color coding to show those residues whose amide HN
and15N resonances are most affected upon binding the CD4 pep-
tide PLL. Coordinates correspond to the solution structure of
Nef∆2-39,∆159-173 (Grzesiek et al., 1996) further refined by additional
long-range NOEs. Unstructured residues N-terminal of A56 are not
shown. Amino acids 59-70 and 149-178 which are highly flexible
in the NMR structure are represented as a backbone worm in (B)
and (C). The putative position of an SH3 domain (magenta) in
complex with Nef is shown as modeled previously (Grzesiek et
al., 1996). The mean chemical shift difference∆av (Figure 3A) for
each amino acid is displayed in colors ranging from dark blue (∆av
< 0.05 ppm) to blue (∆av < 0.07 ppm), light blue (∆av < 0.08
ppm), light green (∆av< 0.1 ppm), yellow (∆av< 0.13 ppm), brown
(∆av < 0.16 ppm), and red (∆av g 0.16 ppm). For some residues
(color coded in gray) the chemical shift changes could not be
identified because of overlap in the random coil region of the1H-
15N HSQC spectrum or because of fast exchange of the amide
protons with solvent (residues 1, 39-56, 157, 158, 176, 193).
Representations A and B are drawn in the same orientation whereas
representation C is rotated by 180° around the vertical axis.
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area on the surface of Nef and is abrogated when the critical
central dileucine motif is replaced by two alanines. Fur-
thermore, this binding affinity increases 2-fold when Nef is
complexed to the SH3 domain of Hck. The relatively low
affinity of the peptide does not necessarily translate into a
low concentration of the Nef-CD4 complex in the physi-
cochemical environment of a T-cell. First, the complete
C-terminal domain of CD4 might exhibit a higher affinity
in its folded form at the membrane surface. Second, an
additional, yet unidentified protein could enhance the affinity
further in a ternary or quaternary complex. Third, the CD4
C-terminus and Nef are both anchored to the cellular
membrane and therefore restricted to a small interaction
volume within the T-cell. Local concentrations of both CD4
and Nef are therefore considerably higher than in the case
where these proteins are uniformly distributed throughout
the cell. For example, if we assume an interaction volume
of 5 nm thickness at the membrane and a spherical T-cell
with a radius on the order of 5-10 µm, for a given number
of molecules, the local concentrations at the membrane would
increase by 2 orders of magnitude over concentrations
resulting from a uniform distribution within the whole
internal T-cell volume. At this moment, there is conflicting
evidence about the presence of Nef-CD4 complexes in vivo
(Harris & Neil, 1994; Rossi et al., 1996; Anderson et al.,
1994; Aiken et al., 1994). However, the apparent require-
ment of membrane anchoring of Nef for the detection of the
Nef-CD4 complexes (Harris & Neil 1994) together with
the low affinity and possibly transient nature of this associa-
tion may have been responsible for the failure to detect such
complexes by immunoprecipitation assays.
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