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ABSTRACT Nef is an HIV-1 accessory protein that directly contributes to AIDS progression. Nef is myristoylated on the
N-terminus, associates with membranes, and may undergo a transition from a solution conformation to a membrane-associated
conformation. It has been hypothesized that conformational rearrangement enables membrane-associated Nef to interact with
cellular proteins. Despite its medical relevance, to our knowledge there is no direct information about the conformation of
membrane-bound Nef. In this work, we used neutron reflection to reveal what we believe are the first details of the conformation
of membrane-bound Nef. The conformation of Nef was probed upon binding to Langmuir monolayers through the interaction of
an N-terminal His tag with a synthetic metal-chelating lipid, which models one of the possible limiting cases for myr-Nef. The data
indicate that residues are inserted into the lipid headgroups during interaction, and that the core domain lies directly against
the lipid headgroups, with a thickness of ~40 Å. Binding of Nef through the N-terminal His tag apparently facilitates insertion
of residues, as no insertion occurred upon binding of Nef through weak electrostatic interactions in the absence of the specific
interaction through the His tag.
INTRODUCTION
The human immunodeficiency virus (HIV-1) encodes
several accessory proteins: Nef, Vif, Rev, Vpr, and Vpu
(see Bour and Strebel (1) and Frankel and Young (2) for
reviews). Nef is expressed in high concentrations shortly
after viral infection (3), is required for achieving and main-
taining high viral loads in vivo (4), and plays a critical role
in AIDS progression (as reviewed in Baur (5) and Das and
Jameel (6)). Rhesus monkeys bearing strains of simian
immunodeficiency virus (SIV) lacking Nef do not develop
high viral loads or progress to the expected AIDS-like
disease (7). Transgenic expression of just the HIV Nef
protein (8,9) or the SIV Nef protein (10) in mice produced
a severe AIDS-like syndrome, illustrating the essential
role of Nef in disease progression. Clinical studies of
long-term (15–25 years) HIV-infected humans (long-term
nonprogressors) with apparent deletions and/or alterations
within the nef gene showed impaired progression to AIDS
(see, e.g., Gorry and co-workers (11,12)). It is clear that
the Nef protein is an important factor in the progression of
AIDS, and obtaining details about its function is extremely
desirable.

Nef has no catalytic activity but instead realizes its func-
tions by interacting with cellular proteins. More than 30
proteins that interact with Nef have been identified (see
reviews by Baur and colleagues (5,13)). Nef function can
be broadly grouped into three categories, as described in
recent reviews (5,14,15): 1), interference with signaling
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pathways; 2), downregulation of cell-surface receptors and
trafficking; and 3), infectivity enhancement. Many of the
functions of Nef appear to be structurally driven or inti-
mately tied to conformation and conformational changes
(13,16,17). In addition, membrane association plays a very
important role in many of the functions of Nef.

Nef exists in both membrane-associated and cytosolic
fractions (18) and shuttling may occur between the cytosolic
fraction and the membrane-associated form (19). Membrane
association is thought to be accomplished by an N-terminal
myristoylation essential for the virus in vivo (20), as well as
a cluster of basic residues on the N-terminal arm (19,21,22).
The myristoylation signal (residues 2–7) is essential and
highly conserved in Nef alleles from both laboratory HIV-1
strains and primary isolates from AIDS patients (23). Dele-
tion of the Myr group dramatically reduces infectivity (4),
cripples downregulation of CD4 and MHC-1 (4,24), and
prevents formation of an AIDS-like disease in mice trans-
fected with Nef (25). Both the Myr and the basic cluster
are required for Nef viron incorporation (26). However,
some controversy remains in the literature over the precise
role of the myristoylation in the membrane association of
Nef (27,28), as Myr is a short fatty acid chain that provides
only a weak membrane anchor.

Despite the wealth of knowledge about what Nef does,
there is much less information about how it accomplishes
its functions. Understanding Nef structure-function relation-
ships both in solution and in association with membranes
is very likely key to understanding and combating the
actions of Nef in vivo. Such an endeavor requires conforma-
tional details about Nef. However, obtaining structural
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information about Nef, particularly when associated with
membranes, has not been an easy task.

The full-length Nef protein is partially disordered and
contains regions that are intrinsically flexible; therefore,
it has not yet been crystallized, and by itself it is incompat-
ible with NMR analysis. To date, structural analyses by
x-ray crystallography and NMR spectroscopy have been
confined to deletion variants (29–32). Unfortunately, the
deleted regions contain essential determinants of Nef func-
tion. Structural information for HIV Nef was assembled
into a model of the full-length protein (17). In this model,
the conformation of the loop between Leu157 and Asn174

remains unknown, and the residues were inserted with a
probable conformation before energy minimization.
Hydrogen-exchange mass spectrometry has provided further
structural insights for full-length His-tagged HIV and SIV
Nef, particularly concerning the conformational properties
of the N-terminal arm and the disordered loop (33). The
N-terminal regions of both HIV and SIV Nef appear to
have structure or are involved in some form of intra- or inter-
molecular interactions that lead to protection from
exchange. The large loop near the middle of the protein is
unstructured and solvent-exposed. The C-terminal region
exhibits some degree of protection from exchange.

Despite the importance of membrane-associated Nef,
essentially no conformational details exist in that state. Con-
formational rearrangement may occur when Nef becomes
membrane-associated. It has been postulated (13,34,35)
that Nef undergoes a myristic acid conformational switch
(36) from a closed form to an open form. In the closed
form, the myristic acid is thought to be inserted into
a binding pocket in the core domain. Recent evidence sup-
porting this idea showed that Nef can bind a peptide with
the same sequence as its N-terminus only when that peptide
is myristoylated (37). Contact with the membrane could
trigger the conformational change of Nef from the closed
form to an open form. Although strong evidence exists for
binding to the membrane through the basic residues on the
N-terminal arm (22,27), nothing is known about the dispo-
sition of the other flexible regions. The core domain might
be significantly displaced from the membrane, as proposed
for a conformational state termed signaling Nef (13), which
would facilitate interaction with protein partners at the
membrane, including TCR, CD4, Lck, and Hck (34,37).
On the other hand, the core domain could lie directly against
the lipid membrane or even be partially inserted. Alternative
experimental methods are required to reveal the structure of
Nef bound to membranes so that these hypotheses can be
tested.

In this work, neutron reflectometry (NR) was used to
reveal the first details, to our knowledge, of membrane-
bound Nef. NR is one of very few methods that can resolve
structural details of membrane-associated proteins in phys-
iological conditions, and it may be unique in its ability to
directly resolve details of the full membrane-bound protein
structure, in contrast to techniques that probe only labeled
residues or secondary-structural elements. NR involves
measuring the ratio of reflected to incident intensity as
a function of momentum transfer, qz ¼ 4psinq/l, where q

is the angle of incidence with respect to the plane of the
membrane and l is the wavelength (38). The form of this
curve is determined by the in-plane averaged scattering-
length density (SLD) profile normal to the surface. The
SLD is directly related to the atomic composition and the
density. Therefore, for a protein bound to a planar lipid
membrane, NR determines the in-plane averaged distribu-
tion of amino acid residues normal to the membrane, and
is sensitive to any changes in that distribution.

In this initial study, an N-terminal His tag was used to
bind full-length, unmyristoylated Nef (strain SF2) to a planar
lipid membrane (in this case, a Langmuir monolayer)
composed of mixtures of 1,2-dipalmitoyl-sn-glycero-3-
(phosphocholine) (DPPC) and 1,2-distearylglycero-3-trie-
thyleneoxideiminodiacetic acid (DSIDA). The N-terminal
6His tag on Nef was spatially located where the naturally
occurring myristic acid moiety would be found in Nef.
The His tag adsorbed to Cu2þ in the headgroups of DSIDA
to localize Nef to the membrane. This system represents
one of the possible limiting states of membrane-bound
myr-Nef, namely the form in which the N-terminus is
unassociated with the core domain and associates specifi-
cally with lipid membranes. The experimental system is
illustrated in Fig. 1, which shows the two size extremes of
Nef and their relationship to the membrane and the neutron
beam. For the most extended form, the dimensions of Nef
from the model of Geyer and Peterlin (17) were used and
the protein was attached to the membrane by its N-terminus
with no insertion. Fig. 1 also shows the dimensions of the
two lipids and a very highly compact form of Nef. Several
experimental methods were found to achieve a nearly mono-
molecular layer of membrane-bound Nef at sufficiently
high coverage for study by NR (discussed in detail in the
Supporting Material). The structure of membrane-bound
Nef determined from these data is described below.
MATERIALS AND METHODS

For enhanced contrast in the NR studies, both deuterated 6His-Nef

and deuterated lipids were used. DPPC and a deuterated form of DPPC

in which the 62 protons in the aliphatic tails were replaced with deuterons

(d-DPPC) were purchased from Avanti (Alabaster, AL). The synthesis

of DSIDA has been described previously (39). Deuterated DSIDA (d70-

DSIDA) was synthesized using a similar procedure, starting with perdeuter-

ated octadecanoic acid (Larodan, Malmo, Sweden). NMR results for

d-DSIDA are given in the Supporting Material. Tris buffer (pH 8.2) was

prepared by dissolving 1.23 g of Trizma HCl, 1.48 g Trizma base, and

5.84 g sodium chloride (all from Aldrich Chemical, Milwaukee, WI) in

1 L of Millipore water (18 MU resistivity, Millipore, Billerica, MA). Chlo-

roform, CuCl2 (99.995þ%), b-mercaptoethanol, and dithiothreitol (DTT)

were purchased from Aldrich Chemical. NMR analyses were performed

on an Innova Spectrometer (Varian, Palo Alto, CA) with a resonance

frequency of 500 MHz for 1H and 125.7 MHz for 13C and using
Biophysical Journal 99(6) 1940–1948
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FIGURE 1 Illustration of the experimental

system. Neutrons strike the opposite face of the

lipid monolayer from where Nef interacts. The

dimensions of Nef from the most extended form

of the Geyer and Peterlin model (17) are shown

at the left, along with the dimensions of the two

lipids. For the purpose of size comparison, a model

of a highly compact form of Nef is shown on the

right. This figure is meant to illustrate the experi-

mental setup and not necessarily to show the true

conformation of Nef at the membrane.

1942 Kent et al.
tetramethylsilane as a reference. Elemental analyses were performed by

Columbia Analytical Services (Tucson, AZ).
Proteins

Recombinant Nef (strain SF2) and deuterium-labeled Nef (d-Nef, also

strain SF2) were prepared in Escherichia coli as previously reported (40).

A pET-14b vector containing codon-optimized SF2 Nef with an N-terminal

6-histidine tag (35) was used to transform BL21(DE3)pLysS cells. Addi-

tional details are provided in the Supporting Material. The average mass

of d-Nef was 27,116 Da by mass spectrometry, compared with 26,074 Da

for h-Nef. This difference of ~1042 Da indicates that ~80% of the nonlabile

hydrogens were replaced by deuterium in d-Nef.

The calculated SLD is 2.0 � 10�6 Å�2 for fully protonated Nef, and

3.42 � 10�6 Å�2 for Nef with all nonlabile hydrogens replaced by

deuterium. A value of 3.14 � 10�6 Å�2 was used for the d-Nef sample,

corresponding to 80% substitution of D for H.
Adsorption studies

In a typical adsorption run, a mixture of DSIDA and DPPC was spread from

a chloroform solution in the form of a monolayer to a surface pressure of

8–12 mN/m on the surface of Tris-buffered subphase (pH 8.2) held within

a Teflon trough. After allowing the chlorofom to evaporate, the surface

layer was compressed to 30 mN/m and then CuCl2 was added to the

subphase at 10 mM using a peristaltic pump and Teflon tubing with an inlet

and outlet submerged at opposite ends of the trough. All tubing and fittings

were made of Teflon. After collecting NR data for the lipid monolayer

alone, the excess CuCl2 was flushed out of the subphase by pumping

fresh solution into one end of the trough while simultaneously removing

solution from the opposite end of the trough at the same rate. Exchanging

the subphase had no detectable effect on the lipid monolayer (reflectivity

unchanged). d-Nef was then introduced into the subphase. The desired

amount of protein solution was first injected just behind the barrier and

then circulated at least twice to achieve complete mixing. A reflectivity

scan was then initiated. Further manipulations, such as subphase exchange,

were then performed as described in the Results section. To minimize the
Biophysical Journal 99(6) 1940–1948
amount of protein needed, a small Teflon trough (~23 ml, including the

tubing) was used. The trough was maintained at 20 5 2�C.
Neutron and x-ray reflection

Neutron reflectivity studies were performed on the NG7 (National Institute

for Standards and Technology Center for Neutron Research (NCNR/NIST),

Gaithersburg, MD) and SPEAR (Lujan Neutron Scattering Center of the

Los Alamos Neutron Science Center, Los Alamos, NM) reflectometers.

Details of these spectrometers and the measurement protocols are given

in the Supporting Material. X-ray reflectivity (XR) was used to determine

the characteristics of the lipid monolayers, as XR data were obtained to

much higher qz values (0.5 Å�1) than the NR data (0.23 Å�1), resulting

in higher spatial resolution. However, due to much weaker contrast between

proteins and water with x-rays, little effect of layers of amorphous protein

can be detected beyond ~0.1 Å�1, even at high coverage. XR measurements

of Langmuir monolayers of the lipid mixtures were performed using an

x-ray reflectometer (D8 Advance, Bruker, Billerica, MA) employing Cu

Ka radiation at NIST. The data were used to constrain the thicknesses of

the lipid tail and headgroup layers in the fits to the NR data.

NR and XR data were analyzed using the Ga_refl program based on the

optical matrix method. Ga_refl is available at www.ncnr.nist.gov. Simulta-

neous fits of the NR data were performed for multiple data sets involving

different contrast conditions and for multiple data sets at different stages

of a single adsorption run (for example, lipids only, lipids with adsorbed

protein, and after subphase exchange). Simultaneous analysis allowed

particular characteristics to be maintained constant for all the fits, such as

the SLD of the subphase and specific characteristics of the lipid layers.

In all cases, the fits included only the minimum number of layers for the

protein that were required to achieve a good fit to the data. In the Ga_refl

program, the roughness parameter is the full width at half-maximum (equal

to 2.35 s, where s is the standard deviation) of a Gaussian distribution and

was constrained in the fitting to be less than the smallest thickness of the

two adjacent layers.

Fitting reflectivity data results in defining a family of SLD curves that are

consistent with the data. The uncertainty in the fitted profiles was deter-

mined by a Monte Carlo resampling procedure in which a large number

(1000) of statistically independent sets of reflectivity data were created

http://www.ncnr.nist.gov
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from the original data set and the error bars from the counting statistics.

Each set of reflectivity data was analyzed using the fitting procedure

described above. The result is a range of values for each fit parameter

that is consistent with the statistics of the original data. The fit of each

reflectivity set was initiated with random values for the fit parameters.

This method has been reported in detail elsewhere (41).

Generation of molecular structures of Nef
for reflectivity calculations

The conformational flexibility of Nef was modeled using the SASSIE soft-

ware package developed at NIST (www.smallangles.net/sassie). SASSIE

employs the Metropolis Monte Carlo algorithm (42) and the CHARMM22

force field (43,44) to sample backbone dihedral conformations. Coordinates

for the N-terminal leader peptide (GSSHHHHHHSSGLVPRKHGGK

WSK) were generated via simulated annealing (100 cycles at 1400 K for

100 ps followed by 100-ps equilibration at 300 K) using the CHARMM

molecular mechanics software. The full NEF model was generated by

overlapping and attaching the leader peptide to the coordinates previously

determined by NMR of the N-terminus (1QA5) (23) and core domain

(2NEF) (30) of the Nef protein. All 40 structures from the 2NEF file

were used to generate 40 independent structures that were then used to

generate the ensemble of conformations using SASSIE. The models were

then minimized by steepest descent in an implicit solvent environment

and the resulting structures were used for conformational sampling.

Approximately 10,000 independent conformations of the N-terminal arm

were generated by SASSIE. Ensembles were generated by allowing dihe-

dral angles to vary in three regions: 1), between helix 2 and the core domain

(amino acids 61–89); 2), between helix 1 and helix 2 (amino acids 42–53);

and 3), between the histidine repeat and helix 1 (amino acids 11–33). The

numbering above includes the addition of the N-terminal leader peptide,

which adds 19 amino acids to the natural Nef protein.

SLD profiles for the protein structures were determined by calculating

the molecular volume and scattering-length profile for each structure.

The solvent-excluded volume was calculated via a rolling-ball algorithm

(45) using a solvent probe of 1.4 Å and the Connolly van der Waals radius

for protein atoms (46). The profile of the neutron scattering length was

determined by dividing the protein into a series of 0.5-Å slices in the xy

plane and averaging the scattering contributions for the atoms in each slice.

RESULTS

Characteristics of the lipid layers from XR data

As illustrated in Fig. 1, the lengths of the tails and the head-
group regions are different for DPPC and DSIDA, and
therefore, in modeling the reflectivity data for the mixed
monolayers, each region was divided into two layers. XR
for pure DPPC monolayers indicated thicknesses of 17 Å
for the tails and 8 Å for the headgroups (both measured
perpendicular to the interface), consistent with calculated
lengths. For pure DSIDA monolayers, XR indicated 22 Å
for the tails, 7.5 Å for the polyethylene glycol portion,
and 8 Å for the headgroups, also consistent with calculated
lengths. XR data for a 65% DSIDA þ 35% DPPC mixed
lipid monolayer were consistent with these values. When
fitting the NR data, the lipid membrane was modeled by
four layers with thicknesses fixed at the following values
determined by the XR data: 5.5 5 0.5 Å and 17 Å 5 1 Å
(tails) and 8 Å 5 1 Å and 8 Å 5 1 Å (headgroups). This
variability in thickness is sufficient to allow for the observed
small increase in area/molecule discussed below.
NR studies involving d-Nef

Manipulating the contrast between various components is
integral to neutron-scattering approaches. For organic mate-
rials, this is readily accomplished using the very different
neutron-scattering properties of hydrogen and deuterium.
In this work, we used deuterated lipids, deuterated protein,
and a protonated subphase to achieve both high resolution
and strong contrast for the protein. Increasing the fraction
of d-lipids increases the reflectivity and extends the range
of momentum transfer vector, qz, for which a detectable
reflected intensity is observed above the background. This
increases the spatial resolution of the data. However,
increasing the fraction of d-lipids also results in a weaker
change in the data upon adsorption of protein. Nevertheless,
with d-Nef, the effect of adsorption was substantial out to
the highest values of qz accessible on the NG7 and SPEAR
reflectometers.

Our initial NR measurements of 6His-d-Nef bound to
lipid membranes from solution at 0.5 mM revealed the pres-
ence of two layers: an ~40-Å dense layer immediately adja-
cent to the lipid headgroups followed by a second layer that
was substantially more dilute (Fig. S1 in the Supporting
Material). The second layer was not present upon first
adsorption, but developed over time (Fig. S2, a and b). In the
course of this work, we discovered that the second layer
could be largely eliminated by one of three methods. It
could be removed after formation by flushing the subphase
with a buffer containing the reducing agent b-mercaptoetha-
nol. Alternatively, adsorption of the second layer could be
largely avoided by arresting adsorption at an early stage
or by reducing the bulk concentration of d-Nef (see details
in Fig. S4, Fig. S5, Fig. S6, and Fig. S7). Prior work has
shown that Nef oligomerizes under certain circumstances
and its multimeric state may be important for its activities
in vivo. In vitro, free Nef is known to aggregate into oligo-
mers in the absence of the myr group (29,30,34). Recently,
it has been reported that dimerization of Nef transfected
into human cell lines is critical for downregulation of
CD4 receptors (47,48). However, for this initial study, we
chose to study the conformation of Nef in the absence of
multilayer formation (note that oligomerization in the plane
of the membrane cannot be detected by NR).

Fig. 2 a shows NR data obtained under conditions that
resulted in nearly complete elimination of the second layer.
This was accomplished by flushing the subphase with Tris
buffer to halt adsorption after a short period. Fig. 2 a shows
reflectivity data collected after allowing d-Nef to adsorb to
a monolayer of 65% d-DSIDA/Cu2þ þ 35% d-DPPC for
2.0 h from solution at 0.5 mM, and then flushing the
subphase with 50 ml of Tris buffer. The reflectivity data
were collected over a period of 6 h after subphase exchange.
After the data in Fig. 2 a were collected, the system was
flushed with 50 ml of 0.5-mM b-mercaptoethanol followed
by 50 ml of buffer and another reflectivity scan was made.
Biophysical Journal 99(6) 1940–1948
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FIGURE 2 (a) NR data for a 65% d-DSIDA/Cu2þþ 35% d-DPPCmonolayer alone (B) and with bound 6His-d-Nef (-) adsorbed from solution at 0.5 mM.

Adsorption was arrested after 2.0 h by exchanging the subphase with pure Tris buffer. (b) SLD profiles corresponding to the data in a, with uncertainty limits

determined from a Monte Carlo resampling procedure (41). The profiles for the lipids alone are denoted by a cyan/blue/pink color scheme, and the profiles

with d-Nef are denoted by a black/red/yellow color scheme.

FIGURE 3 Change in area upon adsorption of 6His-d-Nef to a monolayer

of 35% DPPCþ 65% DSIDA/Cu2þ with no reducing agent present (C) and

with 5 mM DTT in the buffer (,). In each case, time 0 corresponds to the

time at which adsorption was first detected in the reflectivity data.
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No change in the data was detected (Fig. S8). The profiles
with uncertainty limits from simultaneous fits to the data
in Fig. 2 a before and after adsorption of d-Nef are shown
in Fig. 2 b. The profiles for the lipids alone are denoted by
a cyan/blue/pink color scheme, and the profiles with d-Nef
are denoted by a black/red/yellow color scheme. The
model-independent profile of d-Nef is comprised of
an ~40-Å layer, dense in residues, that is directly adjacent
to the lipid headgroups followed by a very slight tail extend-
ing into the subphase. The dense layer is asymmetric, with
the maximum skewed toward the membrane. The qualitative
shape and dimensions of this layer were consistent for
repeated runs (Fig. S4, Fig. S5, Fig. S6, and Fig. S7).
On the other hand, the prominence of the tail in the profile
varied somewhat between runs, and in some cases it was
entirely absent. We believe that the tail is due to a small
amount of the second layer that, in some cases, was not
entirely removed by subphase exchange. The profiles also
show that the SLD of the lipid headgroup region increases
upon adsorption due to the insertion of d-Nef residues into
the lipid headgroups. This is consistent with the fact that,
for the conditions in effect here, adsorption of 6His-d-Nef
to DSIDA-containing monolayers is always accompanied
by an increase of ~5% in the area/molecule. An example
is shown in Fig. 3.

To interpret the data in terms of molecular structures, we
calculated the reflectivity for the Geyer and Peterlin model
(17) fully extended from the lipid membrane, as illustrated
in Fig. 1, and also for an ensemble of forms generated by
molecular simulation with energy minimization (see Mate-
Biophysical Journal 99(6) 1940–1948
rials and Methods). The calculated reflectivity for the
extended conformation is compared with the experimental
data in Fig. 4 a. The SLD profile for this conformation is
shown in Fig. 4 b along with the profile from Fig. 2 b derived
from the model-independent fitting. The calculation corre-
sponds to a surface density of 4.3 � 10�4 d-Nef mole-
cules/Å2, and the profile was smeared to a resolution of
10 Å. The open form fully extended from the membrane
results in a reflectivity curve that is very different and easily
distinguishable from that measured experimentally.
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FIGURE 4 (a) The NR curve resulting from the extended form of Nef in Fig. 1 (dashed line) along with the experimental data and best fit (solid line with

symbols). (b) SLD profile calculated for the extended form of Nef smeared to 10 Å resolution along with the best-fit profile.
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Fig. 5 shows the heavy-atom distributions from the
ensemble of conformations generated by SASSIE, where
the conformations have been grouped according to the
distance between the center of the globular domain and
the center of the His tag (Dglob-His). The two fixed His and
several adjacent residues have reduced structural variability,
and these generate a cluster of density that results in a hump
in the profile near 0 Å. All the conformations that were
found to give good agreement with the experimental profile
are in the group Dglob-His ¼ 10–20 Å. The thickness of the
core domain is ~30 Å, so the core domain lies directly
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FIGURE 5 Heavy atom distributions for subpopulations of simulated

conformations binned according to the distance between the center of the

globular domain and the center of the 6His tag. The center of the His tag

is at 0 Å.
against the lipid headgroups when Dglob-His ¼ 15 Å. Several
representative conformations from the entire ensemble that
give good agreement with the experimental data are shown
in Fig. 6 a. The reflectivity calculated from the upper left
conformation in Fig. 6 a is compared with the experimental
data in Fig. 6 b, and the SLD profiles are compared in
Fig. 6 c. This conformation reproduces the position of the
maximum, the asymmetry, and the breadth of the SLD pro-
file very well. The other conformations in Fig. 6 a show
comparable agreement with the experimental profile. The
position of the maximum reflects the close proximity of
the core domain to the lipid headgroups. Best agreement
is obtained at a coverage of ~5.6 � 10�4 molecules Å�2,
which we estimate to be ~60% of a completed monolayer.

The combination of asymmetry and breadth of the main
peak in the Nef profile does not occur for the vast majority
(~99%) of the conformations in the generated ensemble.
This is shown in Fig. S9, which displays the average SLD
profile for conformations with distances of 10–20 Å
between the center of the globular domain and center of
the His tag (the band that best reproduces the peak position
in the experimental profile). The fact that the asymmetry
and breadth of the peak does not occur for the vast majority
of the conformations, combined with the fact that the
breadth and asymmetry of the main peak of the experi-
mental profile are reproducible (cf. Fig. 6, Fig. S4 b, and
Fig. S5 b), suggests that membrane-bound Nef exists in
a narrow distribution of conformations. A narrow distribu-
tion of membrane-bound conformations could result from
the interaction of specific residues with the membrane, dis-
cussed below, along with the fact that the protein is densely
Biophysical Journal 99(6) 1940–1948
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FIGURE 6 (a) Four conformations yielding

good agreement with the experimental data from

the ensemble of simulated structures. These confor-

mations are representative of the small fraction of

solutions that could be found to match the experi-

mental data. The core domain is shown in blue,

the flexible regions in green, and the rigid regions,

including the His tag, in yellow. (b) The dashed line

shows the calculated NR curve resulting from the

conformation shown at upper left in a along with

the experimental data and the best fit. (c) Calcu-

lated SLD profile from the conformation in

a compared with the best-fit profile. The calculated

profile was smeared to 10 Å resolution. The other

conformations in a show comparable agreement

with the experimental data. The difference in the

calculated and experimental reflectivity curves at

qz ¼ 0.04 Å�1 in b is due to the presence of

a weak tail in the experimental profile.
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packed below the monolayer. Fig. 6 shows that among the
small number of conformations that reproduce the asymme-
try and breadth of the peak there remain different combina-
tions of core-domain orientation, flexible loop extension,
and N-terminal arm configuration. Further experimental
constraints are needed to distinguish among the possible
conformations.

An adsorption study was also performed with 5 mM DTT
in the buffer from the start, in contrast to the other cases in
which a reducing agent was only used during a rapid
exchange of the subphase followed immediately by another
exchange with buffer lacking a reducing agent. With DTT
present from the start, Cu2þ ions were reduced to Cuþ, which
eliminated specific interaction of Nef with the membrane
through the His tag. The resulting weak binding was likely
due to electrostatic interactions betweenNef and the partially
negatively charged DSIDA/Cuþ. Binding of 6His-Nef at
0.5 mM to 65% DSIDA/Cuþ þ 35% DPPC occurred only
after 7 h, with the coverage much lower than that shown in
Fig. 2 a, and the area/molecule data showed no evidence of
insertion of residues into the membrane as shown in Fig. 3.
The NR data are given in Fig. S10). Protonated lipids were
used to increase sensitivity to the protein and enable detec-
tion of the low level of Nef adsorption. This limited the range
of qz to 0.10 Å

�1 and consequently, few details of the profile
could be determined beyond the thickness. In this case, the
adsorbed layer of Nef was entirely removed upon flushing
the subphase with buffer.
Biophysical Journal 99(6) 1940–1948
DISCUSSION

Nef is believed to bind to lipid membranes through a bipar-
tite interaction involving an N-terminal myristate group
and a basic cluster of residues (Arg17, Arg19, Arg21, and
Arg22 in the native sequence) (26). In previous work, muta-
tion of Arg17, Arg19, Arg21, and Arg22 or the hydrophobic
residues Trp5 and Trp13 sharply reduced Nef binding to
70/30 POPC/POPG membranes (22), and deletion of the
N-terminal arm abolished binding altogether (22,27). In this
study we examined the conformation of Nef upon binding to
lipid membranes through a specific interaction with the
N-terminus using a His tag and a synthetic metal-ion
chelating lipid. This system models the case in which the
N-terminus binds specifically to the lipid membrane and
does not associate with the core domain. For this case, the
core domain lies directly against the lipid headgroups, and
there is clear evidence from both the NR data and the area/
molecule data of insertion of residues into the membrane.
A fully extended structure with the core domain displaced
from the membrane (Fig. 1) can be ruled out. A number of
more compact forms (Fig. 6) are more consistent with the
NR data and resemble the forms hypothesized by Arold
and Baur (13) but with the core domain directly against the
lipid headgroups.

Although the detailed conformation of the N-terminal
arm cannot be resolved from the NR data alone, evidence
from this study in combination with prior data suggests
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that a portion of the N-terminal arm inserts into the lipid
headgroups. The increase in area/molecule observed upon
membrane binding of 6His-d-Nef through the His tag
provides direct evidence of insertion of residues. In our
previous work, the binding of another His-tagged protein
to DSIDA/Cu2þ-containing membranes did not result in
an increase in area/molecule (Fig. S11). This strongly
suggests that the area increase in this case is not due to
the binding of the His tag directly but rather to insertion
of other residues. Prior work by others has demonstrated
that Nef interacts with membranes through residues on the
N-terminal arm (22). It has been pointed out that a signifi-
cant sequence similarity exists between residues 3–26 of
the N-terminal arm of wild-type Nef and melittin, a
membrane-active helical peptide (28). Melittin readily
inserts into Langmuir monolayers of DPPC, resulting in
a large area increase (Fig. S12). Furthermore, the helical
content of a peptide of residues 2–27 of the N-terminal
arm has been shown to increase upon binding to 70/30
POPC/POPG membranes (22). Together, this evidence
strongly suggests that in this system, a portion of the
N-terminal arm of 6His-Nef inserts upon binding through
the N-terminal His tag. We suggest that insertion of a portion
of the N-terminal arm positions the core domain directly
against the lipid headgroups, as shown in Fig. 2. Since no
insertion occurred when Nef bound to the membrane
through weak electrostatic interactions in the absence of
a specific interaction through the N-terminus, we propose
that binding of the N-terminal His tag to the membrane in
some way facilitates insertion.

Gerlach et al. provided evidence for a two-step process
in the interaction of myr-Nef with DOPC/DOPG liposomes
in time-resolved fluorescence measurements (22). They
proposed that myr-Nef initially binds to the membrane
through electrostatic interactions involving the cluster of
basic residues on the N-terminal arm and also insertion of
the myr group. Adsorption is then followed by insertion of
the N-terminal arm and formation of an amphipathic helix.
We suggest that the data for 6His-d-Nef binding to DSIDA/
Cu2þ (Fig. 2) corresponds to the final state with N-terminus
bound and arm inserted. In light of the observed absence of
insertion, binding of 6�His-d-Nef to DSIDA/Cuþ through
weak electrostatic interactions may resemble the initial
adsorption stage proposed by Gerlach et al. (22). However,
we note that the extent of insertion of the N-terminal arm
may depend upon many factors, such as membrane compo-
sition, surface pressure, and mode of binding, and this issue
will be studied in more detail in future work.
CONCLUSIONS

To our knowledge,this work provides the first structural data
for membrane-associated Nef. The conformation of Nef was
probed upon binding to Langmuir monolayers, through
specific interaction of an N-terminal His tag with a synthetic
metal-chelating lipid, under physiological buffer conditions.
Both good resolution and a strong neutron-scattering signal
were achieved with the use of deuterated lipids and d-Nef
against an H2O subphase. The reflectivity data and area/
molecule data both indicated insertion of residues into the
membrane upon binding through the N-terminal His tag.
When interpreted in light of prior studies, this strongly
suggests that a portion of the N-terminal arm inserts into
the membrane. Binding of Nef to the same membrane also
occurred at a much lower level in the absence of interaction
through the His tag, but in that case, no insertion of residues
into the membrane was detected. We conclude that binding
through the N-terminus contributes to N-terminal arm inser-
tion. Upon binding through the N-terminus and insertion,
the core domain of Nef is located directly against the lipid
headgroups and forms a layer ~40 Å thick.
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