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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. (199Dell 76, 853—864]. We show that a control
peptide without the central dileucine does not bind to Nef. The dependence éHNefd >N amide
chemical shifts on peptide concentration indicates that the binding is in the fast chemical exchange limit,
with a dissociation constaity of ~1 mM. The peptide binding site has been mapped onto the previously
determined solution structure of HIV-1 Nef [Grzesiek et al. (1996]. 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 affirfty¢ 0.5 mM). This indicates that

the binding of CD4 and Hck SH3 to Nef are two compatible and slightly cooperative events.

HIV-1! Nef is a 206-residue, N-terminal myristylated and Skowronski et al., 1993). CD4 downregulation and en-
membrane-associated protein that is expressed at high levelancement of viral infectivity by Nef seem to be dissociated
in the early stages of HIV infection (Cullen, 1994). Today, events (Goldsmith et al., 1994; Chowers et al., 1995; Saksela
it is the only member of a group of so-called accessory et al., 1995). In Nef, a highly conserved proline-x-x repeat
proteins in primate lentiviruses for which the three- (amino acids 6978), reminiscent of SH3 binding motifs
dimensional structure has been solved (Grzesiek et al., 1996)(Shugars et al., 1993; Saksela et al., 1995), is critical for the
Although early reports suggested a negative effect on viral viral infectivity enhancement function but is not essential
replication (Luciw et al., 1987; Ahmad & Venkatesan, 1988; for CD4 downregulation (Goldsmith et al., 1994; Saksela et
Cheng-Mayer et al., 1989; Niederman et al., 1989), more g|., 1995). On the other hand, the membrane-targeting
recent evidence has established a positive roleeéin viral sequence at the Nef N-terminus and a glutamic acid rich
replication and disease pathogenesis (Kestler et al., 1991}egion (amino acids 6671) preceding the Pxx repeat are

Daniel et al., 1992; Zazopoulos et al., 1992; de Ronde et al.important for both functions (Goldsmith et al., 1994; Aiken
1992; Miller et al., 1994; Spina et al., 1994; Deacon et al., gt al., 1994).

1995; Kirchhoff et al., 1995; Whatmore et al., 1995).
Infection by HIV-1 results in a significant downregulation
of CD4, a type | 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: conflicting evjdence exists for a negative (Goldsmith et al.,
Jabba?/& Nayak, 1980)goyr thpe Vpu prot((ain (Willey et al., 1994) or positive (Bandres et al., 1995) effect of #56n

1992), respectively. In addition, both HIV-1 and SIV Nef the downregulation of CD4 by Nef. The C-terminal cyto-

downregulate cell-surface CD4, even in the absence of otherplasmic tail of CD4 is required for this downregulation by

viral gene products (Benson et al., 1993; Garcia et al., 1993;Nef (Gafc?a et al., 1993). This C’D4 C_:-terminal region is
Foster et al., 1994; Garcia & Miller 1991; Guy et al., 1987; alsp sufficient for the downregulation, since CD8 molecules
which are normally unaffected by Nef become down-
T This work was supported by the AIDS Targeted Anti-Viral Program regulated when the the CD8 cytoplasmic domain is replaced
of the Office of the Director of the National Institutes of Health. by the CD4 CytOpIasm'C_ d_oma_m (Aiken e_t al;' 1994;
* Corresponding author. Anderson et al., 1994). Within this cytoplasmic tail (amino
;Iﬁabtor'atgy of Chemli_cat: PthiCSNll\xl\DﬂgK- acids 396-433 of CD4), the last 15 amino acids can be
rotein Expression Laboratory, . : . . :
© Abstract published idvance ACS Abstractsily 15, 1996. delet(.ed without affecting the downregulation (Alken_et al.,
1 Abbreviations: CD4, cluster determinant 4; DTT, dithiothreitol; 1994; Anderson et al., 1994). In contrast, the requirement
FID,freeincri1uction detltay; HIV—|1, human immunoldeficiency virus tylpe of amino acids 408418 of CD4 and in particular of the
1; HSQC, heteronuclear single-quantum correlation; NOE, nuclear i i ;
Overhauser enhancementaP13-residue peptide MSQIKRAASEKKT; d”fugll.n?] L;%)3/L114tjfor Te ddowtn regmat.lon :i Nef thals blegegrlir
P., 13-residue peptide MSQIKRLLSEKKT; SH3, Src homology —€Stablished by site-directed mutagenesis (Aiken et al., ;

domain 3; SIV, simian immunodeficiency virus. Anderson et al., 1994; Salghetti et al., 1995). This Nef
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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
p56 (Aiken et al., 1994; Rhee & Marsh, 1994). In Nef-
expressing cell lines an accelerated dissociation of this-€D4
p5d% complex is observed (Rhee & Marsh, 1994), but
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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 p56, but two cysteines (420 and 422)
important for the p56< 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
p56°% or their complex seems an appealing model which
would unify many of the experimental observations, experi-
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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 g2 relative to . and Nef was
verified by quantitative, one-dimensioriétd NMR spectros-
copy. Corresponding aliquots of the peptide solution were
applied through a disposable glass micropipet to the sample

mental evidence for such an association has been contradicinside the NMR tube at room temperature followed by

tory: Direct interaction between Nef and CD4 has been
reported in baculovirus-infected Sf9 cells (Harris & Nell,
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 N&f;(~ 250
nM) — and also of a Nef peptide containing the polyproline

thorough stirring. Thereafter, for each titration point a one-
dimensional proton spectrum <1 echo; Sklenar & Bax,
.11987) and a two-dimensional water flip-baéi\-edited
HSQC spectrum (Grzesiek & Bax, 1993) were recorded at
308 K.

NMR SpectroscopyAll NMR experiments were carried
out on a Bruker AMX-600 spectrometer, equipped with a

repeat—to the Hck SH3 domain has been reported as one triple-resonance prObe head that contained a self-shielded
of the strongest SH3-mediated interactions, but no binding Z-gradient coil. The**N-edited HSQC data were recorded

of this Nef peptide to p8& SH3 was found in a filter binding

as 512 (100) complex points, with 55 ms (60 ms) acquisition

assay (Saksela et al., 1995; Lee et al., 1995). Recently,times, apodized by 60shifted sine-squared (sine) window

however, direct interaction of Nef and g%tas 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 407419 of the cytoplasmic tail of CD4, binds directly
to Nef mutants lacking the N-terminal membrane targetin
signal. The chemical shift changes of the Nef antidand

g

I5N nuclei induced by peptide binding are mapped onto the
y pep g fg%)' They interaction surface (Otting et al., 1990; Gxh et al., 1992;

7Chen et al., 1993; Emerson et al., 1995). In the present study

solution structure of Nef (Grzesiek et al.,
delineate a binding surface encompassing amino acids W5
G96, R106, and 1109. The peptide binding is in the fast
chemical exchange limit and relatively weadk;(~ 1 mM).
However, when the same binding experiments are carrie
out for the peptide and the strongly bound Nefck SH3
complex, the binding affinity increase&{ ~ 0.5 mM),
whereas the pattern of chemical shift changes remains largel
unchanged.

MATERIALS AND METHODS

Sample PreparationThe following uniformly>N-labeled
Nef (strain BH10) protein constructs, all containing a Cys206
— Ala mutation, were prepared as described in Grzesiek e
al. (1996): a deletion of residues-39 (Nef*?~39), a deletion
of residues 239 and of a part of a long solvent-exposed
loop (Grzesiek et al., 1996) comprising residues-15%3
(Nefr2—39A159-178) " and a Thr71— Arg mutant of the latter
construct (Nef2—39A159-173T71R  The sequence numbering

functions, and zero filled to 1024 (512) points fét (:°N),
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

we use two-dimensionalH—1N NMR spectroscopy to
monitor the chemical shift changes observed in several Nef

gMmutants upon binding of the peptide Pof the CD4

cytoplasmic tail and a control peptide,P

In the cellular environment, Nef is anchored to the
);nembrane 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-dimensionaltH—*N NMR spectra
recorded for truncated and full-length Nef indicates that the
ca. 50 N-terminal residues are highly flexible, with near-
trandom 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

for Nef is the same as given by Shugars et al. (1993). Theimprovement in the quality of the NMR spectrum is obtained

non-isotope-labeled SH3 domain of murine Hck tyrosine

when 15 residues in a long, solvent-exposed flexible loop

protein kinase was generated as described before (Grzesielare deleted (Néf~39A159-173) " again without affecting the

et al., 1996). The two peptides MSQIKRLLSEKKT (P
and MSQIKRAASEKKT (Ra) were prepared using an
Applied Biosystems 430A peptide synthesizer and purified

by reverse-phase HPLC. For each of the titration experi-

ments, 40Q:L solutions of 0.6 mM Nef (uniformly labeled
in ™N), 5 mM Tris (nondeuterated), and 10 mM DTT
(nondeuterated), pH 8.1 (95%8/5% D,O), were prepared
in a5 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

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, P peptide to these two mutants
and to a third mutant (Néf~39A159-173.T71) where threonine
71isreplaced by an arginine. Many Nef sequences derived
from HIV patients contain this mutation at residue 71, and
tighter binding of Nef"*Rto Hck SH3 was reported (Saksela
et al., 1995).

Figure 1 shows small regions of tHd—"N HSQC spectra
of Nef for the titrations of B —Nef*?—3%(Figure 1a-c), R, —
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H vertically by 0.8; @): NefA2-39A159-173T71R4 P, . Nef concentra-
FicurRe 1: Small regions ofH—15N HSQC spectra of Nef as a  tions during the titration were-0.5-0.6 mM (see Figure 1).
function of added peptide Por Paa. (a—C) Nef*273°% + P ; (d—
f) [Nefa2-39A156-173,T71R+ SH3] + P ; (g—i) NefA2~39A159-173,T71R observed for the same amino acids as for free Nef, with the

(a) 0.59 (0.00), (b) 0.54 (0.61), (c) 0.49 (3.70), (d) 0.59 (0.00), () _ ;
0.54 (0.68), (f) 0.47 (4.10), (g) 0.65 (0.00), (h) 0.62 (0.42). and (i) changes are more pronounced: For examp!e, the amide
0.56 (3.62). For the N&-39A159-173T71R - SH3 complex the SH3 ~ Proton of W57 shifts by 0.3 ppm for free Nef (Figure-i)

concentration equals the Nef concentration. and by 0.4 ppm for the NefSH3 complex (Figure 1€f),
whereas the amide nitrogen of E93 shifts by 0.3 and 1 ppm
NefA2-39A159-173T71R+ SH3 (Figure 1e-f), and the control  in the free and complexed form, respectively.

Pan—Nefiz738A15 7172 T71R (Figure 1g-). Columns -3 in As a control for the specificity of binding, a titration of
Figure 1 correspond to molar ratios of peptide to Nef of \of \yas carried out with the R peptide where the critical
approximately 0, 1, and 7, respectively. Besides an overall dileucine motif of R, is replaced by two alanines. Results
line broagienmg with Increasing adqmon of peptide2b% ._shown in Figure 1gi indicate the absence of any significant
for the highest peptide Concentral_tlon) the spectra réMaiN njef amide chemical shift changes, including those residues
largely the same, and _chem|g:al shift changes_occur only forwhich are affected most by the binding of Re.g., W57,

a small number of residues in the case of Frigure la- L58, E59, or L117). However, at the highest peptide

g'l?s_;)ﬁ dTmhgnootizﬁir::/?Sn%Ti%r:Igftlhsehgtnfgjr?tgc?fsazr;ez Czn?iglé' concentration (3.6 mM) some line broadening occurs which
PEPUCE. i not limited to residues in the LP binding region.

which indicates that binding of Pto Nef or Nef+ SH3 is . .
in the fast chemical exchange limit on the NMR time scale. ﬁ?gg;?élz’ this is a result of a much weaker and nonspecific
No chemical shift changes are observed when the control” ™~ """ " ]
peptide, Ra, is added (Figure Lgi). Binding Affinity of R. and Nef. Figure 2 shows the
The largest amide chemical shift changes are observed forveighted average of the E59 amiéld and **N chemical
residues close to W57 in the primary sequence, and the pattshift changesia,, as a function of the molar ratio of peptide
of the W57 and E59 resonances during the titration has beenfo Nef. Clearly, complex formation of P with Nef*2~3°
marked in Figure 1. Interestingly, all three Nef mutants have (M) or with the loop deletion mutant N& 39A159-173.T71R
the same binding affinity to P (see below, Figure 2), and (®) is indistinguishable. The chemical shift changes of
their chemical shifts change in the same way during the the amide of E59 are, however, slightly larger when
titration with R, (data not shown). This indicates that the Neft2-394159-173T71R{s complexed to the Hck SH3 domain
conformationally disordered loop connectifigtrands 4 and ~ (®). Under saturating conditionAa, reaches a value of
5 (residues 146181) is not involved in the interaction with ~ >0.33 ppm for the NetSH3 complex whereas for Nef
the CD4 peptide. Neither is this loop involved in the binding Without SH3A,, levels off at about 0.28 ppm. Larger amide
of Nef to Hck SH3 (Grzesiek et al., 1996). Similarly, the chemical shift changes in NefSH3 are also observed for
binding behavior of B to Nef or the Nef-SH3 complex is ~ other amino acids, e.g., W57 (see above), and a similar
not affected by the point mutation T71R; i.e., for both increase in chemical shift changes is found for'tHemethyl
NefA2-39A159-173 g Nef2-39A159-173.T71Rthe same binding  resonances of L97 which are resolved in the upfield region
affinity and pattern of chemical shift changes is observed of the proton spectrum (Figure 3). The L&and L9862
(data not shown). IH resonances shift by 0.03 and 0.05 ppm, respectively, when
Figure 1d-f shows the titration of the complex of NefA2739A159-173T7IRig saturated by P (Figure 3A) but shift
NefA2-39A159-173T7IRgnd Hek SH3 with the R peptide. Upon by 0.06 and 0.09 ppm for the Ngf3°A15¢-173,T71R_Hck SH3
addition of R, significant amide chemical shift changes are complex (Figure 3B).
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FiIGUurRe 4: (A) Average amide chemical shift changkg, in Nef
FicUrRe 3: Chemical shift changes in the resolved methyl region induced upon binding of P to Nef*?~3° as a function of residue

of the IH spectrum of Nef in the presence of increasing amounts number (0.49 mM Né#=39, 3.70 mM R, ). (B) Average chemical
(from bottom to top) of peptide P. Panels: (A) Nef-39A159-173T71R shift changes of théHy, N, 13Ca, 13CS nuclei observed in
(B) NefA2-39A159-173T71R 4+ Hck SH3 (1:1 complex). Nef and  NefA2739A159-173 (Grzesiek et al., 1996) induced upon binding of
peptide concentrations (in mM) were respectively (A) 0.56, 0 SH3 (1:1 complex). The average change in chemical shift was
(bottom), 0.51, 0.64 (middle), and 0.46, 8.35 (top) and (B) 0.59, calculated as [{0%n + Ad/25 + Ad%cald + Ad%cpl4)/A]V2.

0.0 (bottom), and 0.54, 0.68 (middle), and 0.47, 8.72 (top).
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GIn and Asn!®N—!H, resonances have not been assigned

For E59, the difference in amide proton chemical shifts sequence specifically. Upon binding af Ro Nef, however,
between free Nef and peptide-saturated Nef is 0.3 pph80 only one>N—*H, resonance pair, presumably belonging to
Hz) for both Nef?39(Figure 1a-c) and Nef2-39A159-173,T71R Q61, shifts measurably (maximaL, = 0.14). Two (W57
+ SH3 (Figure 1lef). As the resonance for E59 is and W113) of the five Trp side chaineN groups also show
broadened by only-13 Hz for nonsaturating concentrations considerable perturbations (maximal, = 0.26 and 0.11,
of the peptide R (Figure 1b,e), the exchange between the respectively). This coincides with the significant perturbation
bound and free state is considerably faster than 180 Hz. of the backbone amide resonances observed for these residues

For the Nef2-39A159-173T71R_SH3 complex, the midpoint  (Figure 4A).
of the chemical shift changes is observed at a molar ratio of The amide chemical shift changes induced byl#nding
P.. to Nef of ~1.3 (Figure 2). This ratio is significantly  are color coded on a tubular representation of the backbone
lower than the midpoint ratio of 2.2, found for the titration ~ of Nef??~39A159-173 (Figure 5A) as well as on a space-filling
of either Nef?~3% or Nef*2~39A159-173T7IR(Figure 2). These  model (Figure 5B,C). The residues most strongly affected
results indicate that P binds to Nef-SH3 with a higher by binding (W57, L58, E59, A60, G95, G96, L97, R106,
affinity than to Nef alone. Assuming a simple binary 1109, L110) delineate a hydrophobic patch on the surface of
reaction between Nef and R analysis by nonlinear curve  Nef which is centered at the HIV protease cleavage site
fitting yields values foiKq of 0.49+ 0.09, 1.18+ 0.21, and (residues W57, L58; Freund et al., 1994). This interaction
1.434 0.26 mM for Nef2-39A159-173T71IR - SH3 Nef?-39, surface comprises the protease cleavage site itself and the
and Nef2-39A158-173T71R regpectively. Errors in this fit take  first part of an extended stretch connecting helices 1 and 2,
into account the accuracy of the fit and the reproducibility i.e., G95, G96, and L97, as well as the inner side of the
of fitting the chemical shift changes for two different residues N-terminal part of helix 2. The chemical shift changes seen
(E59 and W57) for the same titration, as well as the for the HY and N resonances of T77\{, ~ 0.1 ppm, color
reproducibility of two independent titrations. To illustrate coded in yellow in Figure 5), which is separated from the
more clearly this difference in affinity for NefSH3 and Nef other residues affected by,Pbinding, presumably reflect a
alone, open circles in Figure 2 show the titration results for slight rearrangement of the C-terminal end of helix 2 which
NefA2-39A159-173,T71IR_SH3 with the last point scaled to the is in contact with T71. The same chemical shift changes
last point of the Nef~39A159-173T71Rtjtration. As already  are seen for the Mand N resonances of R71 in the T71R
evidenced in Figure Lgi, titration of Nef*2-39A159-173T71R Nef constructs.
with the control peptide & does not result in significant Residues W57, L58, and E59 at the HIV protease cleavage
changes of the E59 amide shifts (Figuread, site are the most strongly affected by the binding of the

Mapping of the Nef CD4 Binding Surfacélhe amide peptide .. These amino acids are followed in the primary
chemical shift changes in N¥f3° induced by binding R sequence by residues A60 to F68 which connect the HIV
are shown as a function of residue number in Figure 4A. protease cleavage site to the polyproline repeat. On the basis
The largest changes are clustered around residues L58, G969f 1°N relaxation measurements (S. Grzesiek, N. Tjandra,
and L110, sites which are clearly different from the locations S. Stahl, P. Wingfield, and A. Bax, manuscript in
of maximal chemical shift change observed upon complex preparation) residues 590 are highly mobile and their
formation between Né#—3°A159-173 and Hck SH3 (Grzesiek  structure is not very well defined (Grzesiek et al., 1996).
et al.,, 1996). The latter changes (Figure 4B) are observedResidues 5559 are considerably less mobile, while the
mainly in the region of the Pxx repeat (residues Q73 and observation of amide protons for residues N-terminal of C55
V74) and near residue H116. Most of the Nef side chain is severely hindered by the fast exchange with bulk water.
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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, 1109, 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 canonicabRnd P; 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 (SEMS5,
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, 1109), to the P 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 Pto the Nef-SH3 complex as
compared to Nef alone corroborate this hypothesis.

CONCLUSION
_ » In this report we have demonstrated that Nef, without any
‘.‘"! -1 accessory proteins, is able to bind to a peptide (MS-

s 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 K4 ~ 1 mM), this
binding is nevertheless specific as it delineates a well-defined

Ficure 5: Backbone worm (A) and space-filling (B, C) models of
Nef with color coding to show those residues whose amige H
and5N resonances are most affected upon binding the CD4 pep-
tide R.. Coordinates correspond to the solution structure of
NefA2-39A158-173 (Grzesiek et al., 1996) further refined by additional
long-range NOEs. Unstructured residues N-terminal of A56 are not
shown. Amino acids 5970 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 differentg, (Figure 3A) for
each amino acid is displayed in colors ranging from dark biuyg (

< 0.05 ppm) to blue 45, < 0.07 ppm), light blue 4,, < 0.08
ppm), light greend,, < 0.1 ppm), yellow A,y < 0.13 ppm), brown
(Aay < 0.16 ppm), and redA,, = 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'the

15N HSQC spectrum or because of fast exchange of the amide
protons with solvent (residues 1, 396, 157, 158, 176, 193).
Representations A and B are drawn in the same orientation whereas
representation C is rotated by T8&round the vertical axis.
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area on the surface of Nef and is abrogated when the criticalDaniel, M. D., Kirchhoff, F., Czajak, S. C., Seghal, P. K., and

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

Desrosiers, R. C. (199Zcience 2581938-1941.

Deacon, N. J., Tsykin, A., Solomon, A., Smith, K., Ludford-
Menting, M., Hooker, D. J., McPhee, D. A., Greenway, A. L.,
Ellett, A., Chatfield, C., Lawson, V. A., Crowe, S., Maerz, A.,

affinity of the peptide does not necessarily translate into a  Sonza, S., Learmont, J., Sullivan, J. S., Cunnningham, A., Dwyer,

low concentration of the NefCD4 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

D., Dowton, D., & Mills, J. (1995)Science 270988-991.
Emerson, S. D., Madison, V. S., Palermo, R. E., Waugh, D. S.,
Scheffler, J. E., Tsao, K.-L., Kiefer, S. E., Liu, S. P., & Fry, D.

C. (1995)Biochemistry 346911-6918.

Feng, S., Chen, J. K., Yu, H., Simon, J. A., & Schreiber, S. L.
(1994) Science 2661241-1247.

Foster, J. L., Anderson S. J., Frazier, A. L., & Garcia, J. V. (1994)
Virology 201 373-379.

membrane and therefore restricted to a small interaction Freund, J., Kellner, R., Konvalinka, J., Wolber, V., Krausslich, H.

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

G., & Kalbitzer, H. R. (1994Fur. J. Biochem223 589-593.
Garcia, J. V., & Miller, A. D. (1991)Nature 350 508—-511.
Garcia, J. V., Alfano, J., & Miller, A. D. (1993). Virol. 67, 1511~

1516.

the cell. For example, if we assume an interaction volume Goldsmith, M. A., Warmerdam, M. T., Atchison, R. E., Miller, M.

of 5 nm thickness at the membrane and a spherical T-cell

with a radius on the order of-510 um, 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 N€D4 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-

D., & Greene, W. C. (1995). Virol. 69, 4112-4121.
Greenway, A., Azad, A., & McPhee, D. (1995)Virol. 69, 1842~

Grzesiek, S., & Bax, A. (1993). Am. Chem. Soc. 1182593~
12594.

Grzesiek, S., Bax, A., Clore, G. M., Gronenborn, A. M., Hu, J.-S.,
Kaufman, J., Palmer, I, Stahl, S. J., & Windfield, P. T. (1996)
Nat. Struct. Bio. 3340-345.

Gorlach, M., Wittekind, M., Beckman, R. A., Mueller, L., &
Dreyfuss, G. (1992EMBO J. 11 3289-3295.

Guy, B., Kieny, M. P., Riviere, Y., Le Peuch, C., Dott, K., Girard,
M., Montagnier, L., & Lecocq, J. (198 Nature 330 266—269.

Harris, M. P., & Neil, J. C. (1994). Mol. Biol. 241 136-142.

Kestler, H. W., Ringler, D. J., Mori, K., Panicali, D. L., Sehgal, P.

tion may have been responsible for the failure to detect such gézDa“ieL M. D., & Desrosiers, R. C. (1990ell 65 651

complexes by immunoprecipitation assays.
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