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Abstract

The Nef protein of human immunodeficiency virus typeHIV-1) is an important determinant for the onset of AIDS
disease. The self-association properties of HIV-1 Nef are analyzed by chemical cross-linking, dynamic light scattering,
equilibrium analytical ultracentrifugation, and NMR spectroscopy. The experimental data show that the HIV-1 Nef core
domain forms stable homo-dimers and trimers in solution, but not higher oligomers. These Nef homomers are not
covalently linked by disulfide bridges, and the equilibrium between these forms is dependent on the Nef concentration.
We further provide the molecular basis for the Nef core dimers and trimers obtained by analysis of crystallographic
models. Oligomerization of biological polypeptides is a common tool used to trigger events in cellular signaling and
endocytosis, both of which are targeted by Nef. The quaternary structure of Nef may be of physiological importance and
may help to connect its cellular targets or to increase affinity of the viral molecule for its ligands. The herein described
models for Nef dimers and trimers will allow further mutational studies to elucidate their role in vivo. These results
provide novel insight into the structural and functional relationships of this important viral protein. Moreover, the
oligomer interface may represent a novel target for the design of antiviral agents.

Keywords: chemical cross-linking; dynamic light scattering; HIV-1; Nef, NMR; oligomerization; sedimentation
equilibrium

Thenefgene of human and simian immunodeficiency vittdV etal., 1998. Nef enhances virion infectivitfChowers et al., 1994;
and SIV, respectivelyis an essential determinant for the onset of Miller et al., 1994; Schwartz et al., 199&nd alters cellular signal
the acquired immunodeficiency syndro@€dDS) in vivo (Deacon  transduction and activation, possibly mediated by interactions with
et al., 1995; Kirchhoff et al., 1995; Mariani et al., 1996; Hanna cellular kinases via the SH3-binding P-x-x-P motif of N&aur
et al., 1998. et al., 1994; Du et al., 1995; Greenway et al., 1995; Lee et al.,
The nef gene encodes a 27 kDa auxiliary protein that is ex-1995; Saksela et al., 1995; Collette et al., 199ef has no en-
pressed at high levels early in the viral replication cycle. The Nefzymatic activity; its action is therefore based on association with
protein has a number of distinct activities that contribute to itshost cell proteins or viral components. Many putative cellular Nef
potential to increase viral replication and pathogenicity. Nef down-targets have been reported so far, including proteins of signal
regulates cell surface CD4 and MHC-I molecules by acceleratingransduction pathways such as tyrosine and serine kin&sds
the rate of their endocytosis from the cellular membréhigen sela, 1997, and components of the endocytotic machinery, such as
et al., 1994; Garcia & Miller, 1994; Schwartz et al., 1996; Craig subunits of adaptor protein complexg® Gall et al., 1998; Piguet
etal., 1998, a thioesterasg@.iu et al., 1997, andB-cop (Benichou
Reprint requests to: Christian Dumas, Centre de Biochimie Structuraleet al., 1994; Piguet et al., 19pNef appears alsoto display a weak
15 avpenue C? Flahault, F34060 Montpéllier, France; e-mail: dumas@cbsammty for the cytopla.smlc t?” of CDA(Harris & Neil, 1994;
univ-montpZ . Grzesiek et al., 1996b; Rossi et al., 1996
3present address: Laboratory of Molecular Biophysics, South Parks Road, HIV and SIV Nef proteins consist of a conserved core domain
Oxford, United Kingdom. of about 120 residues and two highly divergent and disordered
Abbreviations:DLS, dynamic light scatteringD,, apparent diffusion regions, i.e., the N-terminughe first 68 to 100 amino acids,

coefficient; DOSY, diffusion ordered spectroscopy; EGTA, ethyleneglycol- - h ; . - N
bis(8-aminoethyl ethgrN, N, N', N'-tetraacetic acidylap, apparent molec- depending on the viral famijyand a 30 amino acid loop projecting

ular mass; PAGE, polyacrylamide gel electrophoresis; SASA, solvenfom the core domain. The N-terminus of all Nef proteins is my-
accessible surface area; SDS, sodium dodecyl! sulfate. ristoylated and mediates membrane association. The core domain
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of Nef folds into a globulaw-g protein, whereas the N-terminal SDS-PAGE analysis of the cross-linked Nef core domaékig. 1)
and central loop region, i.e., 50% of the polypeptide chain, seem toevealed monomeri¢18 kDa, dimeric (37 kDg, and trimeric
be unstructured in an aqueous solv@bizesiek et al., 1996a; Lee (56 kD@ protein, supporting that the flexible N-terminus is not
et al., 1996; Arold et al., 1997; Barnham et al., 1997; Geyer et al.required for oligomer formation. Figure 1 shows that the protein is
1999. predominantly monomeric in Lane 6, dimeric and trimeric in Lane 3.
Nef proteins are found incorporated in the HIV-1 viral particles Moreover, the cross-linking experiments indicated that the ratio
and are cleaved by the viral proted$eeund et al., 1994a, 1994b; monomer:dimer:trimer is dependent on protein concentration. This
Gaedigk-Nitschko et al., 1995; Pandori et al., 1996; Schorr et al.assay will not give a quantitative estimation of the actual quater-
1996; Welker et al., 1996; Miller et al., 1997; Chen et al., 1998 nary structure of Nef in the range of concentration used. The
Incorporation and proteolytic cleavage in virions have equally beercross-link experiment will trap the oligomers that are normally in
reported for HIV-2 Nef(Schorr et al., 1996 The functional sig- a dynamic equilibrium with the monomers. To rule out the possi-
nificance of the cleavage, which liberates the C-terminal core dobility that the observed oligomerization was an artifact due to Nef
main from its membrane associated N-terminus, remains unknowrurification and storage, we performed chemical cross-linking ex-
Intriguingly, SIV Nef proteins lack this cleavage site. periments with two Nef preparatiorglata not shownand ob-
Oligomerization of HIV-1 Nef expressed in bacteria and eucary-tained similar patterns. Only monomers were observed in similar
otic cells has first been reported by Kienzle et(4993. Homo-  experimentgFig. 1: Lanes 8, Pwith unfolded Nef protein.
meric Nef dimers, trimers, and higher oligomers were subsequently
reported on the surface of infected HeLa Cb4ells (Fuijii et al., ) ) ) )
1996. Both groups observed Nef oligomers under reducing and e oligomeric state of Nef core is concentration dependent
nonreducing conditions, indicating that these oligomers can form o .
without stabilization by disulfide bonds. Additionally, Nef core ~ Dynamic light scattering
domain dimerization was reported using NMR spectroscopy We nextinvestigated the concentration dependence of the oligo-
(Grzesiek et al., 1997and the structures of two crystal forms of meric state of Nef core domain. To this end, we first employed
HIV-1,,; Nef (Arold et al., 1997 reveal dimeric and trimeric packing. Dynamic Light ScatteringDLS). DLS is a rapid and nondestruc-
Determination of the oligomeric states of Nef is important for tive method to measure simultaneously and independently the size
understanding more precisely the molecular mechanism of Neglistribution, the molecular weight, and the translational diffusion
functions. To address this issue, we combined biochemical angoefficientD, of a protein in solution without calibration. From
biophysical experiments with analysis of structural data obtained?-, an apparent hydrodynamic diametgrcan be calculated using
by crystallography. We found that the conserved core domain othe Stokes—Einstein equatioth, = 2kgT/(67n0D,), wherekg is
HIV-1 Nef corresponding to the product of proteolytic cleavage of Boltzmann's constant] is the temperature in K, ango is the
Nef by the viral protease, suffice to form stable dimers and trimerssolvent viscosity. The apparent molecular weight correlates with
in vitro. The homomer interface is formed in both oligomeric the total amount of light scattered and is independent of the shape
states by basically the same amino acids, which are well conserve®f the protein.
in HIV-1 isolates. These residues could represent “hot spots” to be As we already reported previous(§ranken et al., 1997 the
probed by mutagenesis and, if oligomerization proves to be imSize distribution of full length Nef was broad and irregular, even
portant for the action of HIV-1 Nef, they may represent novel under strong reducing conditiofs mM dithiothreitol(DTT)) and
targets for drug intervention. at low protein concentratiof0.1 mM), revealing a strong pro-
pensity to form high molecular weight aggregates. Under the
same conditions, the Nef core domains show a single broad peak
Results corresponding to a diameter of 7 and 5.2 nm for jef and
Data were collected on three different HI\;INef constructs: Nef
full length, Nef; s i.e., the core domain corresponding to the
product of proteolytic cleavage by HIV-1 protease, anciNe§ A206.
In Nefy1 56206 the only solvent accessible cysteif@@206 of the
core domain has been deleted to preclude oligomerization by di
sulfide bond formation. Additionally, the N-terminus has been ex-
tended by a tryptophane resid(M/57) immediately upstream of
the cleavage site. According to NMR studies, W57 may be re-
quired to anchor the flexible segment between the protease clea’ -
age site( W57, L58 and the P-x-x-P motif regiofresidues 71-77 - R
to the folded core of NefGrzesiek et al., 1996a, 1997n accor-
dance with other authof$.ee et al., 1995 we refer herein to both 1 2 3
Nefy;_s7and Nef;_seaz06 as “Nef core domain.”
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Fig. 1. Analysis of cross-linking by glutaraldehyde. The Nef core domain
correspond to Nef_ssaz06. The SDS-PAGE geléLanes 1, 7, 1pcontains
The HIV-1 Nef core domain alone forms dimers and trimers molecular mass marke($4, 21, 30, 46, 66, and 97 kRaNef core domain
(Lane 2, Nef core domain reacted with glutaraldehydenes 3—& with
To address the question of whether the core domain of Nef isespective Nef concentrations of 100, 20, 10, andZ3mL and glutar-

sufficient to promote oligomer formation, we carried out cross- aldehyde concentration of 2%. As negative control, the Nef core domain

L . . . . . as heated at 6@ for 20 min(Lane § or diluted at low ionic strength
linking studies with glutaraldehyde as described in Materials an Lane 9 prior to cross-linking by glutaraldehyde. All the reactions are in

methods. To exclude oligomerization due to nonspecific disulfidephosphate buffer 50 m¥6 mM for Lane 9, pH 8.0, incubation time 12 h
bond formation, we based our analysis on the,Nef .06 mutant.  at room temperature.
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Nefy1-s6a206 respectivelydata not shown The difference in the  values represent the weighted mean of the different solute species.
apparent hydrodynamic diameter of the two constructs may b&oexistence of several oligomeric states may thus lead to an over-
explained by the fact that in absence of W57, the flexible segmenand underestimation of the DLS parameters of the low- and high-
between L58 and the P-x-x-P motif is not anchored to the coreconcentration species, respectively.
domain, leading to a greater hydrodynamic radius and larger sol- We next tried to establish what oligomeric states underlie the
vent exposed surface area for Nef;. obtained DLS data. The observed molecular weight tends toward
The exclusion of disulfide bond formation led us to use the19 kDa below a concentration of 1Q0M, whereas above 700M
Nefy1-s6a206 CONStruct to investigate the concentration dependencéhe molecular weight reaches 40 k[Jég. 2). Given the molecular
of the quaternary structure of the Nef core domain. The apparennass calculated from the amino acid compositidn.7 kD3a for
diameter and the molecular weight of Nefse 206 Were measured  Nefyi_sgaz06 DLS data indicate that this core domain is predom-
for protein concentrations from 5pM to 1 mM. Within this inantly in the monomeric state below 1M with possibly a very
concentration range, the diameter and the molecular weight insmall population of oligomeric Nef. Above a protein concentration
crease with concentratidifrig. 2). Both the molecular weight and of 700 uM, the determined apparent molecular weight is more
the diameter transitions are smooth and slow, suggesting that, #an twice the monomeric mass, suggesting a mixture of dimeric
least, two species coexist in a concentration-dependent equilibriurgM, = 35.2 kDa and trimeric(M, = 52.8 kDg Nef core domains

within the used concentration range. Consequently, the measurééig. 2A).

Molecular weight (kDa)
w
o

20 '§§
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Fig. 2. Concentration dependence @) the apparent molecular weight
and(B) hydrodynamic diameter of Nef sea206 assessed by dynamic light

0.4 0.8
Concentration ( mmol /1)

We next analyzed the independently measured hydrodynamic
diameter. The changes in diameter correlate with the molecular
weight changes. At concentrations below 10B!, the mean di-
ameter tends toward a limit of 5 nm, whereas at concentrations
above 700uM, the apparent diameter stabilizes around 7.2 nm
(Fig. 2B). Assuming a spherical shape and a typical hydration level
of 0.3 g of water per g of protein, we calculated the hydrodynamic
diameters of 4, 5.6, and 6.5 nm for the Nef core monomer, dimer,
and trimer, respectivelyfor calculation of the hydrodynamic di-
ameter of oligomers, see Garcia Bernal & Garcia de la Torre,
1981). Due to the central 30 amino-acid loomsidues 149-178
the shape of Nef is not spherical and hydrodynamic diameters are
higher than calculated for a globular protein. However, the mean
values measured for low and high protein concentration approach
the diameters of the monomer and the trimer, respectively. From
the data, though, it seems that dimers persist at the lowest used
concentration. Further analysis of the size distribution of
Nefs1-s6a206 @t 1 MM revealed that at least two populations still
coexist at the high concentration end of our data: a predominant
species with a diameter 6f9 nm, and a second centered around
5 nm(data not shown This size distribution analysis is not precise
for small molecules and provides rather qualitative evidence for
the coexistence of at least two specié®e larger peak at 9 nm
probably already harbors two species, i.e., dimers and trimers
rather than their exact diameter.

In summary, DLS data indicate a monomeric Nef core below
0.1 mM. At higher concentrations dimers and trimers are formed,
the equilibrium between these forms being dependent on the Nef
concentration. This behavior is consistent with chemical cross-
linking experiments.

Analytical ultracentrifugation

Sedimentation equilibrium is also a powerful technique to ana-
lyze associating systems and define equilibrium constants involved
in a self-association procegdensley, 1998 Eight datasets at six
concentrations and two rotor spe&ke Materials and methods
were analyzed simultaneously using the discrete self-association
models with defined stoichiometiohnson et al., 1981Assum-
ing a unique species with ideal behavior provided a podinfihn-

scattering at 26C. The apparent weight and diameter represent the weightedandom distribution of the residuals with typical pattern indicating
mean of the solute species. Due to the 30 amino acid solvent exposed loogssociatioh and a molecular mass 6f22,500 Da. This value is
Nefy1 564206 IS NOt an ideal globular protein. The apparent hydrodynamic jnconsistent with both a monomer and a dimer. A goodRIMS =

diameter is therefore larger than calculated for a globular protein of the siz
of Nef core(see text Both diameter and molecular mass indicate a tran-
sition between a monomeric and an oligomeric state of,Ngf-0s. The
solvent is 10 mM Tris-HCI, pH 8, 150 mM NaCl, and 2 mM EGTA.

©.012 was obtained employing a monomer—dimer self-association

model(k, = 2.02x 10° M ). However, a slightly better fitting in
terms of both lower varianceERMS = 0.010 and random distri-
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bution of residuals were obtained with a multiple equilibria modelman, 1998 This approach is extended here to the case of trans-
(monomers, dimers, and trimerthan with the single monomer to lational diffusion. Changes iB, can therefore monitor changes in
dimer equilibrium. This fit yielded an association constant= the oligomeric state of a molecule in solution. Using an empirical
1.65% 10° M ~* for monomer—dimer equilibrium and = 5.67 % relation betwee, and SASA previously established by measur-
10° M ~2 for monomer—trimer equilibrium. Attempts to fit the data ing the diffusion coefficient of 15 proteins with known structures
including tetrameric species failed. Figure 3 shows the sedimenand oligomeric stategV.-A. Delsuc, unpubl. dajawe measured
tation equilibrium data for Nef core domain. Molecular mass wasthe diffusion coefficients and calculated the SASAs for solubilized
fixed to that of the monomer, calculated from the amino acidNef constructs. Similarly, we have calculated apparent molecular
composition(17,700 Da. The value of second virial coefficient weights Mo, However, and in contrast to SASAs, the relation
obtained by the fitting algorithniB = 1.5 x 10~8) indicates that ~ betweenD, and M, is based on the assumption that the solute
nonideality is not significant during Nef association. In the rangemolecules are rigid and globular. Due to the large solvent exposed
of concentration used, monomers, dimers, and trimers of Nef coreentral loop regior(residues 149-178neither approximation is

domain coexist in equilibrium with each other. fully satisfied by Nef.
We measured the diffusion coefficient of Nefssa206 at con-
NMR DOSY centrations of 140 and 560M, despite the lower concentration

To investigate the oligomeric state in solution, we also measuretimit being the sensitivity of the technique on our equipment. We
the diffusion coefficienD, of Nef using NMR experiments of the first measured the overall diffusion coefficief observed in the
DOSY type. The Stokes—Einstein equation for free diffusion ofcomplete spectra, thus taking into account only the predominant
solute molecules in a solvent relates the observed diffusion coefsolute population and ignoring minor onésig. 4; Table 1. The
ficient to the friction force of the solvent on the molecule due to diffusion coefficient changed from 80# 1.6 um?/s to 69.2+
the viscous drag of the solvent on the molecular surface. Thid.8 um?/s on going from low to high concentratioiTable 2,
friction force can be derived from the geometry of the diffusing indicating a significantly larger SASA at higher concentration.

molecules in the case of simple shapéshnson & Gabriel, 1991 Detailed analysis of NMR data recorded at 4@ Nef reveals
In the general case, it was proposed to relate the observed diffusighree populations with distinct diffusion coefficief21, S, and P2
on the solvent accessible surface af8ASA) (Krishnan & Cos- in Table 1. At a concentration of 56@M, the population with
residuals residuals
0.02
0.00
-0.02
Abs.

Abs.

1.0 [
0.35

09 [
0.30 0.8

0.7
0.25 |-

0.6
0.20 |- 0.5

A
1 1 1 1 1 L
6.8 6.9 7.0 7.1 , . , . ' B
radius (cm)

5.8 5.9 6.0 6.1

radius (cm)

Fig. 3. Sedimentation equilibrium data of Nef core domain plotted as concenti@tidgg, units) vs. radial position profilér in cm).

Samples of HIV-1, Nefy1_s6a206 iIn 20 mM Tris-HCI, pH 7.5, NaCl 100 mM were subjected to centrifugation at 15,000 and 12,000

rpm as described in Materials and methods. Loading concentration of Nef(@e0r23 mM at 12,000 rpm an@) 0.45 mM at 15,000

rpm. For each sample, the resulting data and the corresponding fitted curve are shown in the lower panel. The solid line was simulated
by using the parameters obtained from global analysis of eight dataseteading concentrations at 15,000 rpm and two at 12,000

rpm) with a three-species modehonomer, dimer, and trimerThe corresponding top panelsAnandB illustrate the residuals of the

fits of these two datasets as a function of radial position.
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Fig. 4. Analysis of the oligomeric state based on NMR DOSY data: the methyl region of the DOSY spectrum,okdNgfs at

140 uM is shown. Three columns have been extracted at 0.91, 1.01, and 1.20 ppm and are reported to the left. The corresponding
diffusion coefficients, materialized by hatched axes, are 66, 84, and Z7snrespectively. The star indicates an impurity, with a much

faster diffusion coefficient.

highest diffusion coefficienfP1) is no longer observed, whereas than the SASA calculated for dimeric Nef modélEable 2, we
populations with diffusion coefficients corresponding to S and P2therefore attributed it to a monomeric state of Nef. Consequently,
were detected. The SASA calculated from the population with thehe SASA of the dimer can be calculated[é2 X SASA mono-
highest diffusion coefficientP1; SASA= 8,150 &) is smaller = men — (calculated buried interfagk i.e., 15,300 &. This SASA
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Table 1. Diffusion coefficients for Nef_sgx206 cies (S) can be assigned to the superimposition of peaks from
based on NMR DOSY d&ta oligomeric and monomeric Nef on the NMR spectra.
Only hints for trimeric Nef can be found in the spectsee
Apparent Fig. 4, lines at 0.93 and 1.10 ppm for instanbet could not be
D SASA Mw fully analyzed because of a too low signal-to-noise ratio. This is
(um¥9) (A2 (kDa) explained by the inherent characteristics of the DOSY spectra:
First, DOSY measures an apparent diffusion for each peak of the
Nef full length spectrum. To separate monomers, dimers, and trimers, specific
S 70+2 11,700 30 peaks have to be present for each species. As dimer and trimer
Nefy1 561206 at 140 M interfaces are formed by mostly the same residses beloyy, it
P1 84+ 4 8,150 18 is likely that peaks for dimeric and trimeric Nef partly super-
S 77+ 4 9,680 23 impose. Second, as with most NMR measurements, the sensitivity
P2 66+ 4 12,500 33 of DOSY decreases with the size of the molecules. Trimers will
Nefy1_seaz06 at 560uM give a much weaker signal than dimers.
P1 — — — Interestingly, the SASAs of Nef core monomers and dimers
S 74+ 2 10,500 26 (Table 1 are significantly smaller than the SASA calculated from
P2 64+ 2 14,010 39 models(Table 2 assuming a solvent exposed loop region. Like-
Nefyr_sss006 Calculated from P1 at 14aM wise the increase in SASA calcula_lted for full length Nef is
Monomer 84 8,150 18 Ssmaller than expected when assuming a completely solvent ex-
Dimer 61 15,300 45 posed N-terminué&he SASA for the N-terminus only is6,300 &).
Trimer 51 22,000 76 Moreover, the molecular weights derived for Nef core monomers

and dimers on the basis of the measured diffusion assuming a
agASAs were derived from the diffusion coefficients as described inglobular protein do not differ greatly from the molecular weights
Materials and methods. P1, obtained from distinct population with highexpected for Nef core monomers and dimers. Taken together, our
diffusion coefficient; P2, from distinct population with low diffusion; S, data suggest that the flexible parts of Nef, which contain important
obtained from gross peaks, ignoring distinct pedks and P This value otifs for interaction with cellular partners, e.g., the membrane

corresponds to the superimposition of the contributing populations am{n ti it the N-t inus t al. 199 d the di
represents their weighted mean. Nefsa206 Calculated corresponds to the argt_a Ing site on the N- e.rmlnl,( eyer et al., van e "_
values obtained for dimers and trimers, assuming that D of population Pieucine based endocytosis motBresnahan et al., 1998; Craig
at 140uM corresponds to the diffusion coefficient of the monomer. et al., 1998; Greenberg et al., 1998do not float freely in the

surrounding solvent, but are partially attached to the core domain.

is approximately equivalent to that of P2, indicating that P2 cor-Molecular basis for Nef core dimers and trimers

responds to dimeric Nef. The buried surface area derived fromwe have solved the crystal structure of HIV-1 Nef; in two
[(2xP1 —P2is~1,900 ﬁ?, which is larger than calculated from different space groups, hexagoiiRb6s22) and cubic(P23 (Arold
crystallographic modelgTable 2. However, the errors attached to et al., 1997. Nef crystals analogous to our hexagonal crystals have
SASAs are too large to allow further exploitation of this observa-previously been reported by Lee et @1996. In all Nef crystals,
tion. Consistently, molecular weights of smé#1) and large spe-  the buried surface between adjacent Nef molecules is large, in-
cies(P2 correspond to the molecular weights expected forplef  volving about 8-9% of the total accessible surface area. However,
monomer(17.7 kDa and dimer(35.4 kD3, respectively. The spe-  the constellations of adjacent Nef molecules in the different crystal
forms are not the same. The packing of the Nef core molecules in
the cubic form could be interpreted as Nef forming trimers, related
by crystallographic symmetry, whereas the two Nef molecules of
Table 2. Calculated SASAs of Nef modgls the hexagonal asymmetric unit associate as a dimer related by a
local twofold axis(Fig. 5). In the light of the herein reported
experimental evidence for Nef core dimers and trimers in solution,

Calculated SASAA?)

Model Monomer Dimer Trimer ~ We engaged in a detailed analysis of the crystal contacts to estab-
lish if the “crystal oligomers” correspond to the oligomers ob-

Nefs1 70a149-1775203-206 6,000 10,980 16,700  gerved in vitro.

Nefa1sea150-173 10,140 19,260 29,120 In both the dimeric and trimeric arrangements, it is the same

Nefy1 564206 11,900 22,700 34,300

region of Nef that is involved in homologous contacts, implicating
residues located in theB helix and the coil connecting helixB

- with strandBA (Figs. 5, §. The contacts are principally estab-

a-lt—hl? mOd‘f]I.S repaeslgjr_wted In are as fcglog"’sl:adggt’ﬁl‘frl7“f°?-206 &hi lished by the same amino acids in both space groups: R105, D108,
crystallographic model&imer corresponds to entries 1efn and lavz,
trimer is derived from lavwy Nefy; sga150-173 model derived from the I10_9, L112,Y115, H116, F121, P122, and D](E%gs. 5, 6. These
NMR structure(PDB entry 2nef. The central loop region is completely residues are conserved among HIV-1 Nef isolates and form a hy-
solvent exposed, but truncated; Nefesa20s, model derived from the NMR  drophobic corg(with a hydrophobic “hot spot” central to Y115,
structure(PDB entry 2nej. The central loop has been manually completed, F121, and P122surrounded by charged amino aci@®105, D108,
assuming it being completely solvent exposed; Nef full length, derived . .
from the combination of NMR structures 2nef, 1qa4, and 1qga5, the centra‘?md_ D123. Charge com.plt.ementar_lty between Nef protomers is
loop region has been manually completed, assuming it completely solverfiChieved by electrostatic interactions between R105 and D123.
exposed. The association of the two Nef molecules in the hexagonal crystal

Nef full length 18,200 35,400 53,400
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A

Fig. 5. Molecular basis for Nef core dimers and trimess. Dimeric Nef core arrangements observed in hexagonal crystals.
B: Trimeric constellation in cubic Nef core crystals. The figures were prepared with AESIZE Noble, unpubl. dajaand show
secondary structure features and the side chains of the amino acids principally involved in homomeric contémgstahiegraphic
threefold and thelocal) twofold axes are indicated for trimeric and dimeric Nef core, respectively.

form buries a surface area of 906.An the more densely packed frequently observed in protein—protein assemblies, i.e., phenylala-
P23 crystal, the trimer interface covers close to 1,3600Athe nine, leucine, and isoleucine forming a flat hydrophobic core that
solvent accessible surfadd30 A2 per monomer The surface is flanked by charged amino acitrginine, aspartic acjdChothia
buried at the interface is at the lower limit of common protein— & Janin, 1975; Jones & Thornton, 19973) The secondary struc-
protein interfaceglanin & Chothia, 1990; Jones & Thornton, 1997 tural motifs involved in the homomer interface are helix and cail,
This suggests relatively weak interactions, confirmed by the slowwhich are those who are most frequently observed in homodimeric
dynamic equilibrium between monomeric and oligomeric statesnterfacegJones & Thornton, 1997(4) The molecules are related
within the investigated range of protein concentration. by a proper symmetry axis, i.e., a rotation axis without translation
(Janin & Rodier, 1996

For completeness, we note that in the cubic crystals, crystallo-
graphic symmetry-related molecules pack also as dimers that bury
The following facts made us conclude that the oligomeric arrangea total of 910 & of solvent accessible surface area of the proto-
ments in the crystals correspond to the Nef oligomers observed imers. Major contributions to the buried surface area are made by
solution: (1) The crystals grew out of solutions where Nef is al- the residues F139, R188, F191, H192, H193, R196, and E197.
ready in part present in its dimeric or trimeric form, with initial However, of these, only F139 and H192 are conserved in HIV-1
Nef concentrations in the crystallization drops of 1501 for the Nef alleles. Consequently, we classified this dimeric arrangement
hexagonal space group and 3pM for the cubic space group; as a biologically irrelevant result of crystal packing.
(2) the residues implicated in oligomerization are conserved in
HIV-1 Nef isolates; and3) the interface buried in the crystalline . . .
Nef dimers and trimers suffice the criteria established );or homo_OIlgomerlc state of HIV-1 Nef and functional data
meric assemblie€Chothia & Janin, 1975; Carugo & Argos, 1997; To establish if the homomeric arrangements of Nef described here
Jones & Thornton, 1997; Conte et al., 199Bhese criteria are as exclude binding to its putative partners, we visualized the oligo-
follows: (1) The accessible surface buried upon oligomerizationmers and investigated the accessibility of the amino acids that are
falls within the limits of total buried surface area and of percent ofinvolved in heterologous interactions.
buried surface to total accessible surface observed for homomeric Both oligomeric states leave the SH3 binding siteluding the
proteins(Jones & Thornton, 1997(2) The amino acid composi- P-x-x-P motif), the protease cleavage sitesidues W57 and L58
tion and the shape of the interface are conform to those moghe acidic cluster between the P-x-x-P motif and the protease cleav-

Evaluation of the models
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A2 mer self-association model, the association constants are in the
order of 1,653 M for k, and 5.67x 10° M ~2 for ks. Nef core is

B trimeric Nef core essentially in a monomeric state only below a concentration of
[] dimeric Nef core 100 uM. At higher concentrations, in the concentration range of
400 to 800uM, the solution behaves as an equal mixture of mo-
nomeric, dimeric, and trimeric species. A strong indication of the
reversibility of the auto-association reaction is related to the fact
that multiple sets of sedimentation data, obtained at different load-
ing concentrations, as well as two rotor speeds, could be simulta-
neously fitted to a single set of equilibrium constants. We further
provided a molecular basis for homomer formation of the Nef core
domain obtained by analysis of crystal structures.

Our observations are compatible with NMR data on HIV-1
Nefrz_394150-173r€pOrted by Grzesiek et al1997). They deter-
mined by NMR relaxation experiments that their Nef construct is
monomeric only below 0.1 mM. However, different from the herein
reported dimeric and trimeric states of Nef, Grzesiek et al. assumed
a dynamic equilibrium only between a monomeric and a dimeric
form. Under this assumption, they calculated the dissociation con-
stant for the Nef,_zg150-173dimer to be 0.7 mMGrzesiek et al.,
L e 1997), in the same range as thgvalues extracted from our equi-
16015 1A0r59 fgg fgg 1'(‘)99 1A151P heg T%g 1“}‘; Tg? :’zrg ?255 librium data(correspon_wdlng dissociation constant 0.5 to 0.6 mM

_ Even though the affinity of Nef core molecules for each other ap-
residue number L . L .
pears to be modest in vitro, Nef core oligomerization might be pro-
Fig. 6. Solvent accessible surface ar¢8ASA9 buried per residue upon moted in vivo by subcellular colocalization at the cell membrane.
formation of dimeri_c Nef coréempty boxesand trimeric Nef core{c_|ark However, there is as yet no data documenting the levels of expres-
\?vci’tf]ez';fuzcgfeiib)lf surface areas were calculated using a rolling sphetgay of Nef in infected cells. Additionally, interactions between the
unstructured N-termini and the core domains may reinforce the sta-
bility of the oligomers. The isolated N-termini seem not to form de-
fined oligomers in vitro, as they appear monomeric and tend to
aggregate when myristoylatéGeyer et al., 1990
In vitro, the first 57 amino-terminal residues of HIV-1 Nef pro-
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accessible surface buried upon oligomerisation
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age site, the hydrophobic grove located between dHeelices

A and aB, the central loop regiofiresidues 149-178nd the o6 formation of large aggregates. It is intriguing that proteolytic
C-termlnus gccess@le tq solvent. Consequently, the Can'g”rat'OEIeavage of Nef by the viral protease leads to a fragment with
of the dimeric and trimeric states of the Nef core domain does nofyagfically reduced tendency to aggregate. However, it cannot be
interfere a priori with the recruitment of the SH3 domathee excluded that in vivo post-translational modifications and mem-

et al., 1996; Arold et al., 1997 CD4 (Grzesiek et al., 1996 pane targeting strongly reduce this propensity to aggregate.
MHC-I (Greenberg et al., 1998band adaptin complexd&reen- In SIV and HIV-2 Nef alleles, most amino acids that are in-

berg etal., 1997, 1998a; Bresnahan et al., 1998; Craig etal.)1998,4eq in HIV-1 Nef core oligomerization are conserved or ho-
It has to be noted that in the di-arginine mdtiésidues 105-106 mologous. However, the substitution of F121 in S#A-2 by an
which is required for CD4 down-regulatigiViskerchen & Cheng-  jgpje(icine, valine, or methionine might decrease the hydrophobic
Mayer, 1996; lafrate et al., 1997is partially implicated in the  .,nact surface significantly. Moreover, some residues of the HIV-1
interface between monomers. Additionally, the trimeric arrange,qmomer interface are nonconservatively replaced in HIV-2 and
ment allows only unstructured ar-helical peptide ligands to ac- SIV Nef. Especially the substitutions Y115 E, D and H116—

cess the zone for the putative direct interaction with @Brzesiek g present in HIV-2 and SIV Nef will lead to an unfavorable prox-
etal., 1996h but not to larger tertiary structures. Structural analy- iy and burial of charges at the interface and disrupt the hydro-
sis of a peptide-mimic of the cytoplasmic tail of CD4 however e core of the oligomer interface. In consequence, if HIV-2
|nd|cated.that it adopts either a random coil conformatlon.ln aqueyzng siv Nef alleles form oligomers analogous to HIV-1 Nef, they
ous solution(J.L. Pons & M.-A. Delsuc, unpubl. datar partially  yighy pe either less stable or be stabilized differently, for example,
aa-helix conformation in 2,2,2 trifluoroethanOiVray etal., 1998 i3 their N-termini. If the homomer formation is relevant for the
action of HIV-1 Nef, it may be possible that discrepancies in
the oligomeric state contribute in part to observed differences in
the action of HIV-1 and SIV Nef proteins, i.e., down-regulation of
The ability of Nef to adopt multimeric structures was assessed byyIHC-I and CD4, and direct association with TCR zeta cliélowe

both chemical cross-linking, dynamic light scattering, ultracentri-et al., 1998; Xu et al., 1999This, however, awaits further exper-
fugation at sedimentation equilibrium, and NMR DOSY experi- imental evidence.

ments. We have demonstrated that, in solution, Nef exist in several

discrete oligomeric species, namely monomers, dimers, and tril-\lef core oligomers: A role in vivo?
mers. Thus, HIV-1 Nef core domain suffices to form noncovalently ' '

linked dimers and trimers that are in a concentration dependereveral amino acids of the herein outlined dimer and trimer inter-
equilibrium with monomers. According to a monomer-dimer-n- face have been mutated and phenotypically characterized. Man-

Discussion
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ninen et al.(1999 reported that that the mutations L112R and ers and digested using BamHI-EcoRI. The resulting fragment was
F121R affected the binding of the Nef-associated kin&b&#s ) cloned into pGEX-2T expression vect&harmacia, Uppsala, Swe-
to Nef. Liu et al. showed that each of the Nef point mutantsden. The protein was expressed as an N-term GST fusion protein
D108A, D111G, L112D, F121G, P122R, and D123G was unablen the Escherichia colistrain BL21(DE3). Recombinant Nef_
to interact with a human thioesterase and to down-regulate CD4. lgs,a206 was purified as previously describéranken et al., 1997
addition, the single point mutant Nef D123G was also defective for
MHC-I down-modulation(Liu et al., 2000. This is especially
intriguing as(1) CD4 and MHC-I down-regulation appeared to
date to be functionally and genetically distinct g@iinone of the  DLS experiments were performed at ZD with a Brookhaven
mutations affects the putative CD4 binding site mapped by Grzeinstrument, as previously describ@byer et al., 1996 The wave-
siek et al(1996Hh. A unifying explanation for the numerous effects length of 514 nm was produced by an argon ion laser from Spectra
of these mutations may be that they destabilize the oligomeric statehysicg Mountain View, California, running at a power of 200 mW.
of Nef, which may be required for efficient interaction with this The scattered laser light was collected at an angle of 908 from the
subset of its cellular targets. Liu et dR000 reported that the incident beam. Two programs provided by Brookhaven Instrument
mutation of the residue D123 is sufficient to disrupt the dimeric (Holtsville, New York were used to determine the protein size: the
association of CD8-Nef fusion proteins. In the Nef oligomers, butmethod of cumulant§Koppel, 1972, which gives an apparent
not in the Nef monomers, D123 is interacting with the conserveddiameter and an index of polydispersity and NNDN®n-Negatively-
di-arginine motif R%°R6 of another protomer. This di-arginine constrained Least Squajemalysis(Morrison et al., 1985 which
motif is required for CD4 down-regulatiqiWiskerchen & Cheng- gives an intensity weighted size distribution. Molecular weights
Mayer, 1996; lafrate et al., 1997and for the interaction of Nef were calculated from scattered light intensities, using a refractive
with NAK (Sawai et al., 1996 index increment of 0.19 mlg, a typical value for most proteins
Although the biological significance of these self-association(Wen et al., 1996 Solutions of purified Nef proteins were pre-
processes remains obscure, it is expected that such mechanispared in 10 mM Tris-HCI buffer at pH 7.5, 100 mM NacCl, and
could participate in various Nef-cellular target interactions. Like2 mM EGTA. For full length and Nef 575 mM DTT were added.
Nef itself, many of its possible targets are localized at the cellPrior to DLS experiments, protein solutions were centrifuged at
membrangCD4, MHC-I, TCR zeta, Src kinasesNearly all pu- 45,000 g for 30 min at £C and passed through a Millipore
tative cellular partners of Nef are either implicated in signal trans-filters with a pore size of 0.Jum to eliminate dust particles and
duction pathways or are part of the endocytic machiri€ullen, large aggregates.
1998. Oligomerization is a biological regulatory mechanism em-
ployed by both soluble and membrane protefféemm et al.,
1998: signaling is frequently initiated by dimerization of trans-
membrane receptors. Interestingly, cellular targets of Nef, such aBor NMR spectroscopy, Ngf ss 206 Was kept in 20 mM sodium
CD4(Wu et al., 1997, MHC-I (Capps et al., 1993theu chain of ~ phosphate buffer, 100 mM NaCl, pH 7.5, and 90%0A10% D,O.
the AP adapter complefOwen & Evans, 1998 and the TCR zeta NMR experiments were carried out on a Bruker AMX 600 MHz
chain(Garcia et al., 1998are dimeric when activated. As binding instrument, equipped with a triple resonance probe, delivering field
energies are additive, a dimeric or trimeric Nef may gain affinity gradient along the axis up to 50 Gcm. We used the LED pulse
for an oligomeric partner, leading to a more efficient interaction.sequencéWu et al., 199% with a presaturation during relaxation
Oligomerization of Nef may also provide a tool to link proteins and diffusion delays, and watergate excitation. The diffusion delay
that are associated with Néf.e., TCR and Src kinasgsthus was 200 ms and gradient duration was chosen between 1.4 and
stimulating a functional interaction between Nef-bound molecules3 ms. Two-dimensional DOSY spectra have been collected at
Molecular epidemiology studies are frequently funded on the22.8°C. Thirty-six values of gradient intensity were used for each
analysis of specific amino acid substitutionsriaf gene derived measure, ranging from 2—-95% of the full gradient intensity. Data
from individuals infected with HIV-1 virus with different stages of were processed and analyzed using the Gifa progRons et al.,
disease and, in particular, long-term survivors of HIV-1 infection. 1996 on SGI and HP workstations. All data were analyzed using
Our data offer the opportunity to focus these analysis on newhe Maximum Entropy algorithm&elsuc & Malliavin, 1998.
biological functional sites involved in oligomerization of Nef. The  To obtain a relation between diffusion coefficient and SASA or
molecular models for Nef core dimers and trimers proposed herenolecular weight, the diffusion coefficients of a set of 15 proteins
should also provide targets for further mutational studies to eluciwere correlated with their calculated solvent accessible surface
date the functional role of Nef homomers. If the oligomeric statearea(SASA) or their molecular weight, by least-squares regression
of Nef influences its action, the interface between adjacent Nefcorrelation factor 0.982 and 0.990, respectiyelyhe SASA for
molecules may serve as a novel target for the design of anti-viralhe models was calculated using a rolling sphere of a radius of
agents. 1.4 A as a probe, using the program Areairt©@CP4, 1994

Dynamic light scattering

NMR spectroscopy

Materials and methods Analytical ultracentrifugation

Experiments were carried out at 20 with a Beckman Optima
XL-A analytical ultracentrifuge equipped with a four-hole An-55
The expression and purification of Nef full length and Nef rotor and standard 1.2 cm hexa-sector cells. The samples of the
have been described earligfranken et al., 1997 Thenefgene  Nefy; 564206 COre domain were prepared in 20 mM Tris-HCl buffer,
fragment corresponding to Nef Ngfssa206 Was isolated by the pH 7.5, 100 mM NacCl. Protein concentration distributions were
polymerase chain reactig®CR) using two oligonucleotide prim-  determined at 302 nm to keep the absorbance below 1.5 in the cell

Protein preparation
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at equilibrium. Samples were run at 15,000 rpm for six differentde la Recherche. We would like to thank Marie Thérése Augé for help in
concentrationg0.1, 0.23, 0.37, 0.45, 0.6, and 0.8 misind 12,000 protein purifications, Marie Paule Strub for its expertise in Nef fermenta-

) . tions, and Mireille Boyer for technical support in light scattering experi-
rpm for two different concentration®.23 and 0.45 mM Data ments. We would like to express our gratitude to Martin Noble for reading

were acquired over a 40 h period as averages of 10 measuremeng manuscript.
of absorbance data in the step scan mode, with a radial step size of

0.003 cm. Data sets were collected after reaching equilibrium,

judged to be achieved by the absence of systematic deviationgeferences
between the successive scans tBRé apart after the initial-20 h

equilibration. Sedimentation equilibrium data and protein distribu-Aiken C, Konner J, Landau NR, Lenburg ME, Trono D. 1994. Nef induces CD4
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