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ABSTRACT: The accessory HIV-1 Nef protein is essential for viral replication, high virus load, and
progression to AIDS. These functions are mediated by the alteration of signaling and trafficking pathways
and require the membrane association of Nef by its N-terminal myristoylation. However, a large portion
of Nef is also found in the cytosol, in line with the observation that myristoylation is only a weak lipidation
anchor for membrane attachment. We performed biochemical studies to analyze the implications of
myristoylation on the conformation of Nef in aqueous solution. To establish an in vivo myristoylation
assay, we first optimized the codon usage of Nef forEscherichia coliexpression, which resulted in a
15-fold higher protein yield. Myristoylation was achieved by coexpression with theN-myristoyltransferase
and confirmed by mass spectrometry. The myristoylated protein was soluble, and proton NMR spectra
confirmed proper folding. Size exclusion chromatography revealed that myristoylated Nef appeared of
smaller size than the unmodified form but not as small as an N-terminally truncated from of Nef that
omits the anchor domain. Western blot stainings and limited proteolysis of both forms showed different
recognition profiles and degradation pattern. Analytical ultracentrifugation revealed that myristoylated
Nef prevails in a monomeric state while the unmodified form exists in an oligomeric equilibrium of
monomer, dimer, and trimer associations. Finally, fluorescence correlation spectroscopy using multiphoton
excitation revealed a shorter diffusion time for the lipidated protein compared to the unmodified form.
Taken together, our data indicated myristoylation-dependent conformational changes in Nef, suggesting
a rather compact and monomeric form for the lipidated protein in solution.

The covalent attachment of lipophilic moieties to cytosolic
proteins is an important modification for the biological
activity of many regulatory proteins. These lipidations serve
in most cases as anchoring groups for targeting the proteins
to a certain membrane or submembrane compartment. The
most common hydrophobic modifications are fatty acids
(myristate and palmitate), isoprenoids (farnesyl and gera-
nylgeranyl), and glycosyl-phosphatidylinositol anchors (1).
Stability and specificity for the association to particular
membranes is often achieved by heterogeneous acylation of
two or more lipid groups and combinations with charged or
hydrophobic patches within the protein.

Nef1 is an accessory protein of human and simian
immunodeficiency viruses that is essential for viral replica-

tion, high virus load, and progression to AIDS (2). Viruses
deleted innef replicate with significantly reduced kinetics
in vivo, resulting in asymptomatic infections of the host. On
a molecular level three functions are subscribed to Nef: First,
by interacting with tyrosine and serine/threonine kinases Nef
alters cellular signaling pathways. Second, Nef increases viral
infectivity at a step after the entry of the virus into the cell.
Third, by interacting with components of the endocytic
machinery, Nef decreases the expression of CD4 and major
histocompatibility complex class I and II (MHC I and II)
antigens on the surface of infected cells (for reviews see refs
3-5). These functions require the association with many
different proteins or multiprotein complexes to serve the
multiple variable interactions subscribed to Nef. Recent
findings identified the DOCK2-ELMO1 complex (6), a key
activator of Rac, to inhibit chemotaxis and promote T cell
activation by Nef, while activation of the Pak2 kinase and a
GTPase exchange factor such as Vav induces cytoskeletal
rearrangements and downstream effector functions (7, 8). The
polycomb protein Eed was found to interact with the
N-terminus of Nef to assemble another kinase-containing
complex that includes the tyrosine kinase Lck (9). Transport
processes mediated by Nef include the interference with
intracellular trafficking pathways to downregulate CD4 from
the cell surface. This interaction was linked to endocytic AP
clathrin adaptor complexes; however, while the precise
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subunits are still a matter of debate, recent findings suggested
that both internalization and intracellular retention mecha-
nisms are involved (10-13).

Virtually all biological activities of Nef require its N-
terminal myristoylation for the association with cellular
membranes (5, 14). Myristoylated proteins start with the
sequence Met-Gly, but the initiating methionine is removed
during translation and myristate is amide linked to the glycine
(15). Thus, because of its functional importance the myris-
toylation signal MGxxxS(K/R) is found to be totally
conserved in all Nef alleles from different subtypes and
stages of disease (16). However, cellular fractionation assays
from transient transfections showed that less than 60% of
all Nef is localized at membranes while the remaining portion
is found to be cytosolic (17-20). Myristoylation (C14) is
indeed the shortest of all fatty groups and suggested to be
the weakest stable modification for membrane association
(15).

The 24-29 kDa HIV-1 Nef protein adopts a two-domain
structure encompassing a flexible membrane anchor domain
(residues 2-61 in NefSF2) and a folded core domain (residues
62-210). The core domain again contains a C-terminal
flexible loop of 33 residues (152-184) that is thought to
mediate trafficking interactions (5). Protein structures of Nef
have been determined for the core domain by NMR
spectroscopy and X-ray crystallography (21-23) and for the
flexible anchor domain by NMR (24), but not yet for the
full-length protein due to the low stability and solubility and
the high degree of intrinsic flexibility. The amino acid
numbering used in the remainder corresponds to the Nef-
SF2 allele which contains an insert of four additional residues
(positions 23-26) in the N-terminal variable duplication
region relative to the NL4-3 or LAI Nef sequences.

N-Myristoylation is typically a “permanent” modification;
the half-life of the acyl chain moiety is equivalent to that of
the polypeptide backbone (1, 15). The transition from a
membrane-bound to a cytosolic form of Nef might thus be
accompanied by conformational changes within the protein
that expose or hide the fatty acid moiety and additionally
influence the structure of the anchor domain. We therefore
intended to study differences in the myristoylated and
nonmyristoylated form of Nef by biochemical means. The
conformation and dynamics of the myristoylated protein in
aqueous solution may thereby reflect the cytosolic form of
Nef while the unmodified protein rather corresponds to the
membrane-bound state when the myristate is inserted into
the lipid bilayer. We first established an N-myristoylation
assay inEscherichia colicells by coexpression of Nef with
theN-myristoyltransferase and the use of a codon-optimized
Nef plasmid that significantly increased the yield of modified
protein. We then applied size exclusion chromatography,
fluorescence correlation spectroscopy, and western blot
analysis of the protein samples, which indicated a smaller
size and a shorter diffusion time for the myristoylated Nef
protein, as well as different antibody recognition and
proteolytic digestion patterns. Finally, analytical ultracen-
trifugation revealed that myristoylated Nef prevails in a
monomeric state while the unmodified form existed in an
equilibrium of monomer, dimer, and trimer assemblies. These
data suggested conformational changes within Nef that may
reflect the reversible transition from a membrane-bound to
a cytosolic form.

EXPERIMENTAL PROCEDURES

Synthesis of the Codon-Optimized nef Gene.The analysis
of the codon usage distribution in the HIV-1nefSF2 gene
(accession number K02007) for expression inE. colibacterial
cells was performed with the help of the graphical codon
usage analyzer (http://gcua.schoedl.de/). The wild-type NefSF2

plasmid was a kind gift from Matija Peterlin at UCSF (11).
Four regions were identified where AGG, AGA, and CTA
codons accumulated, that together covered 10 out of 13 rare
codons. Following the mega primer method for site-directed
mutagenesis, sense and antisense oligonucleotides of 31-
36-mer length were designed that included the silent muta-
tions to more commonly used codons. In a first round of
PCR, five oligonucleotide fragments including the 5′ and 3′
start and stop primers were amplified on the wild-type gene
template. The resulting fragments from 72 to 283 nucleotide
length were purified on 2.5% agarose gel electrophoresis with
the QIAquick gel extraction kit (Qiagen) and eluted with 40
µL of water. In a second round of PCR, 2µL from each of
the five fragments was mixed together and amplified with
the expand high-fidelity PCR system (Roche) for three cycles
(94, 50, and 72°C) before addition of the initiating start
and stop primer. The resulting full-lengthnef gene was cut
with NcoI and EcoRI restriction enzymes and ligated into
the pProEx-HTa vector (Stratagene) for bacterial expression.
Four positive clones of the obtained Nef plasmid were
sequenced, out of which one showed the correct codon-
optimized sequence.

Protein Expression, Myristoylation, and Purification.For
the development of a myristoylated Nef expression system
in E. coli the codon-optimizednef gene was amplified by
PCR withNcoI andHindIII restriction sites at the 5′ and 3′
ends, respectively, and omitted for a stop codon at the 3′
end. This fragment was cloned into the pET-23d expression
vector (Novagene) that contained an ampicillin resistance
and a C-terminal His6 tag for affinity chromatography.
Therefore, upon expression of Nef residues KLAAALEH-
HHHHH were attached at the C-terminus to the protein
product. The plasmid DNA of the humanN-myristoyltrans-
ferase (NMT, accession number NP_066565) was a kind gift
from Jeff Gordon (pBB218; ref25). A fragment that codes
for an N-terminally truncated NMT (residues 81-496) and
misses the ribosomal binding unit was amplified withNdeI
and EcoRI restriction sites and cloned in the pET-30a
expression vector (Novagene) that carries a kanamycin
resistance.

Both plasmids were cotransformed in BL21(DE3) cells
and maintained with double antibiotic selection. For protein
production, a fresh colony was picked, expressed first at 37
°C before reduction to 28°C, and induced at an OD600 of
0.8-1.2 with 0.5 mM IPTG for 5 h growth. About 10 min
before induction myristic acid was supplemented as the
cosubstrate to the cells. For each liter of cell culture, 10 mL
from a solution of 0.6 mM BSA (fraction V; Sigma) and 5
mM myristic acid (Sigma) was added, which was dissolved
prior to application at pH 9 (NaOH) and 50°C. Cells were
fluidized in lysis buffer A (20 mM Tris-HCl, pH 8.0, 500
mM NaCl, 5 mM â-mercaptoethanol, 1 mM PMSF) with
25 mM imidazole and cleared by spinning for 45 min at
30000g. The lysate was loaded onto 5 mL of Ni-NTA resin
(Qiagen) that had been preequilibrated with lysis buffer
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(without PMSF). After being washed with 10 volumes of
lysis buffer A the protein was eluted with 10 volumes of
lysis buffer A using a linear gradient from 25 to 250 mM
imidazole. The protein-containing flow-through was con-
centrated and further purified by gel filtration on a Superdex
75 column (16/60, column volume 120 mL; Amersham) in
20 mM Tris-HCl (pH 8) and 50 mM NaCl. Fractions were
analyzed by SDS-PAGE, and fractions containing myris-
toylated Nef (about 96% pure) were concentrated and stored
at-80°C. For NMR experiments and analytical gel filtration
the protein was dialyzed against 20 mM KPi buffer and 50
mM NaCl as indicated. Protein concentrations were deter-
mined by extinction coefficient measurements.

For direct comparisons a nonmyristoylated Nef variant
(G2A) was cloned similarly in the pET-23d vector and
expressed without the NMT. Two other truncated forms, Nef-
(45-210) and Nef(59-210), were cloned in the pProEx-
HTa vector withNcoI andEcoRI restriction sites, expressed,
and purified as before, and the hexahistidine tag was cleaved
off at 4 °C over 12 h with Tev protease. Nef proteins were
depleted of uncleaved His-Nef and of the protease by affinity
chromatography and gel filtration.

Mass Spectrometry, NMR Spectroscopy, and Western Blot
Analysis.Analytical mass spectrometry was performed in
house using MALDI-TOF and ESI methods. Proton NMR
spectroscopy was performed with a Varian Inova 600 MHz
spectrometer at 27°C with concentrations of 0.2-0.4 mM
Nef protein in 20 mM KPi buffer at pH 7.6. Western blot
analysis was run on 15% SDS gel electrophoresis with 2 or
8 µg of Nef subjected to each lane, respectively. The
monoclonal anti-Nef antibody was a kind gift from Mark
Harris, University of Leeds, and was used in a 1:2500
dilution. The anti-His antibody was purchased from Santa
Cruz Biotechnology (1:2000); the peroxidase conjugated anti-
mouse antibody was used in a 1:4000 dilution (all in PBS
with 0.05% Tween).

Analytical Gel Filtration. Analytical gel filtration was
performed with a multicomponent Waters 626 LC system
(Waters, MA) using either a Superdex 75 column (10/300,
column volume 25.7 mL), a Superdex 200 column (10/300,
24.5 mL; both from Amersham), or a Biosep-SEC-S2000
column (300× 1.8 mm; Phenomenex). The columns were
equilibrated with 20 mM KPi buffer (pH 7.8), 50 mM NaCl,
and 2 mM DTE, respectively, following injection of the
protein samples. The flow rate was set to 0.5 mL/min. Elution
profiles were monitored by UV absorption at 280 nm. The
void volume (V0) was determined with blue dextran (Sigma).
The columns were calibrated with the following standards
(Amersham): albumin (67 kDa), ovalbumin (43 kDa),
chymotrypsinogen A (25 kDa), and ribonuclease A (13.7
kDa). The ratio of elution volume to void volume (Ve/V0)
was plotted versus the log(MW) for each standard to generate
a linear calibration curve. Myristoylated or mutant Nef was
dialyzed from frozen stocks into the equilibration buffer,
diluted to a concentration of 1 mg/mL each, and injected
onto the column at a volume of 90µL. The apparent MW
of each Nef protein was determined from the standard curve.
Gel filtration experiments were performed repeated times at
room temperature.

Analytical Centrifugation and Sedimentation Velocity
Experiments.All experiments were done with a Beckman/
Coulter XLA analytical ultracentrifuge equipped with UV

scanner optics using the eight-hole An-Ti analytical rotor.
Sedimentation velocity experiments were done in double
sector centerpieces made of charcoal-filled epon at a speed
of 50000 rpm and 20°C. Samples were scanned at 280 nm.
The sedimenting boundary was analyzed using the program
SEDFIT (26). This program uses a set of numerical solutions
of Lamm’s differential equation and calculates by regulariza-
tion a differential sedimentation coefficient distribution
corrected for diffusional broadening. The sedimentation
coefficient distributions were corrected for buffer viscosity
and density using a partial specific volume of 7.291× 10-4

m3 kg-1 for nonmyristoylated and myristoylated Nef (ne-
glecting the contribution of the myristoyl moiety).

Fluorescence Correlation Spectroscopy Setup and Fitting
Procedure.Fluorescence emission spectra were carried out
using a FluoroMax-3 spectrofluorometer (SPEX Instruments,
Edison, NJ) at an excitation wavelength of 280 nm and a
band-pass of(1 nm as described (27). Fluorescence emission
was monitored with a band-pass of(2.5 nm between 300
and 500 nm.

For combined fluorescence correlation spectroscopy (FCS)
and confocal laser scanning microscopy (CLSM), we ex-
tended our MRC-1024 (Bio-Rad) coupled via a side port to
an inverted microscope (Nikon, Eclipse TE-300 DV, infinity
corrected optics, additionally equipped with a triple chroic
mirror) enabling fluorescence excitation in a nonscanning
mode in the focal plane of the objective lens (60× water
immersion objective, NA 1.2, collarrim correction). In case
of FCS measurements the collected fluorescence is transmit-
ted to an optical module at the bottom exit of the microscope,
which is connected via fiber optics (core diameter 25µm,
serving as a pinhole) to a highly sensitive photodetector
[single photon counting avalanche diode (SPAD)]. The
output signal of this SPAD is directly fed into a hardware
correlator card (ALV-5000/E multiple tau digital correlator;
ALV-Laser GmbH, Langen) designed as a single board unit
for IBM-compatible computers. The ALV digital correlator
generates the real-time autocorrelation function or even cross-
correlation functions (if two input signals are provided) with
a fixed range of simultaneous lag times between 200 ns and
several hours. The measurements were conducted at 25°C.

The autocorrelation curves were fitted by the nonlinear
function:

(assuming a single species) with the following parameters:
P1 ) triplet fraction; P2) triplet relaxation time; P3) N
) 1/G0 (number of molecules); P4) average residence time;
P5 ) (ω0/z)∧2 with ω0, z structural parameters of the
ellipsoidal measuring volume; and P6) offset. The diffusion
time τdiff , i.e., the average lateral transit time of the particles
through the focus, relates to the diffusion coefficientD by
D ) ω0

2/4τdiff . For approximately spherical particles, the
hydrodynamic radiusrh of the particle can be obtained from
the diffusion coefficient via the Stokes-Einstein equation
D ) kT/(6πηVrh), where T is the temperature,k the
Boltzmann’s constant, andηV the local viscosity. Measure-
ment data were analyzed with Origin 7.0 (OriginLab Corp.).

y ) [1 - P1+ P1 exp[(-x)/P2][1/(P3(1+ x/P4))]×
[1/(1 + P5(x/P4))∧0.5]] + P6
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RESULTS

Codon Optimization of the nef Gene Significantly In-
creased Protein Expression LeVels.The difference of codon
usages between various organisms is often known to influ-
ence expression levels at the stage of protein translation (28).
This results, e.g., in difficulties to express large amounts of
eukaryotic or viral proteins in prokaryotic cells, such asE.
coli. Also, it may imbalance the expression levels of two
binding proteins or multiple subunit complexes when coex-
pressing them simultaneously from different strains. To
increase the production of the HIV-1 Nef protein, allele SF2,
in E. coli cells and to further establish a coexpressing system
for myristoylation, we analyzed the coding sequence for the
three most rarely occurring codons, AGG, AGA, and CTA.
These codons account for 2% and 4% of all translated
arginines and 4% of all leucines, respectively, in theE. coli
K12 genome. Assuming that every tenth amino acid is an
arginine or leucine, respectively, these codons naturally occur
only once among 500 or 250 codons, respectively. The HIV-1
SF2nefgene contains two AGG, seven AGA, and four CTA
codons within the 210-residue protein, accumulating partly
in an arginine-rich cluster from positions R17 to R21 and at
positions R109 and R110. Thus, we synthesized a codon-
optimizednefgene in which 10 out of 13 rare codons were
replaced by silent mutations using a cloning strategy based
on five overlapping oligonucleotide fragments (Figure 1A).
Only one AGA and two CTA codons remained that were
spread over the full nucleotide sequence. Upon design of
the optimizednefgene we analyzed possible RNA secondary
structures of the corresponding mRNA in order to avoid
highly stable RNA structures which might affect translation
in the E. coli system.

For initial expression tests of the unmodified protein, we
cloned the wild-type and the codon-optimizednefgenes into
a T7-based prokaryotic expression vector with an N-terminal
His6 tag and transformed the plasmids intoE. coli BL21-
(DE3) cells. Additionally, we transformed the wild-type
plasmid into BL21-CodonPlus(DE3)-RIL cells (Stratagene)
that carry extra copies of theargU, ileY, and leuW tRNA
genes. The tRNAs encoded by these genes recognize the
AGA/AGG, AUA, and CUA mRNA codons, respectively.
The protein overexpression of these three expression systems
after induction with IPTG is compared in Figure 1B. Indeed,
the CodonPlus-RIL cells and the codon-optimized Nef
plasmid yielded significantly higher expression levels at 1,
2, and 4 h after induction than the wild-type gene. Expression
of the rare tRNAs in the CodonPlus-RIL cells required
chloramphenicol as the selection marker, which led to
expression of the 25 kDa chloramphenicol acetyltransferase
as can be seen on SDS-PAGE. On average, from 1 L of
medium culture we obtained about 6 mg of purified Nef
protein using the wild-type plasmid, 60 mg using the
CodonPlus inducible system, and 100 mg using our codon-
optimizednef plasmid. Thus, codon optimization of HIV-1
SF2 Nef for theE. coli system proved to significantly
increase the prokaryotic protein expression levels.

Nef Is EffectiVely Myristoylated by Coexpression with the
N-Myristoyltransferase.We next intended to produce myris-
toylated Nef in bacterial cells by coexpression of the
N-myristoyltransferase (NMT) and addition of myristic acid
as substrate. To this end we cloned the human NMT in a

T7-based expression vector carrying a kanamycin resistance.
In this plasmid the N-terminal ribosomal binding unit (1-
80) was cleaved off for better solubility and enzymatic
activity and in order not to overload the ribosomes in the
prokaryoticE. coli expression system. The codon-optimized
nefgene was cloned in the pET-23d expression vector using
the initiating methionine within theNcoI restriction site as
start codon and a C-terminally attached His6 tag for affinity
purification. Both the codon-optimized Nef plasmid and the
human NMT plasmid were cotransformed in BL21(DE3)
cells and maintained by ampicillin and kanamycin selection
during expression. Shortly before induction with IPTG the
fatty acid was delivered from a highly concentrated myristic
acid-BSA solution. We tested four different expression
temperatures from 18 to 37°C and found an expression of
5 h at 28°C to yield the highest protein levels and lowest

FIGURE 1: Codon optimization of HIV-1 NefSF2for E. coli bacterial
cells resulted in significantly higher protein expression levels. (A)
cDNA of the codon-optimized Nef gene. AGA, AGG, and CTA
codons that were modified are indicated in bold; changed nucle-
otides are in capital letters. The sense and antisense oligonucleotide
sequences used for PCR amplification are indicated by arrows. (B)
SDS-PAGE analysis of Nef protein expression inE. coli cells.
Displayed is each time 10% of the 1 mL cell lysate from three
different expression tests was taken before induction and 1, 2, and
4 h after induction, respectively. Wild-type Nef from the pProEx-
HTa expression vector was first expressed in BL21(DE3) cells and
next in BL21-CodonPlus(DE3)-RIL cells containing a chloram-
phenicol resistance for rare tRNA expression, and finally the codon-
optimized Nef plasmid was expressed again in BL21(DE3) cells.
The purified Nef protein including the N-terminal His6 tag is shown
to the right. Proteins were stained with Coomassie blue.
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degree of degradation of myristoylated Nef. The lipidated
protein was found in the soluble fraction of the cell lysate,
and protein purification was subsequently performed using
standard protocols with nickel affinity chromatography. On
average, 1 L of expression medium yielded about 30 mg of
purified myristoylated Nef protein while the nonoptimized
plasmid yielded only 2 mg of lipidated protein.

For further biochemical investigations wild-type myris-
toylated Nef, a myristoylation-defective full-length Nef
(G2A), and two N-terminally truncated forms, (45-210) and
(59-210), respectively, were expressed and purified. The
Coomassie-stained purified proteins are displayed on 15%
SDS-PAGE in Figure 2A. Both full-length proteins showed
a truncation at 22 kDa that corresponded to less than 5% of
the total protein yield. The myristoylated Nef protein runs
at a similar size to the unmodified form, while some
myristoylated proteins such as Arf1 appeared slightly smaller
than their nonlipidated forms (29). MALDI-TOF and ESI

mass spectrometry confirmed a single mass of 25640 Da for
the wild-type myristoylated Nef protein that most accurately
reflects the calculated mass of 25640 Da (Figure 2C,D). The
MALDI-TOF spectrum that was recorded of a protein
purified at room temperature additionally identified a mass
at 18012 Da, corresponding to the truncated Nef fragment
(Figure 2D). This fragment represented the stable core
domain of Nef from position V70 to the C-terminus including
the noncleavable His6 tag, as was reported similarly in early
limited proteolytic digestion experiments for the NL4-3 Nef
protein (30). The MALDI-TOF spectrum additionally showed
a second peak of 25860 Da mass that might result from a
bound myristoyl group (228.4 Da) to Nef. Since a similar
pattern was also found for the truncated Nef protein (70-
210), the binding site might be located on the Nef core
domain structure. Importantly, both mass spectra did not
show any nonmyristoylated full-length protein, indicating the
full modification of all Nef protein.

FIGURE 2: Purification and analytical investigations of myristoylated and nonmyristoylated Nef proteins. (A) SDS-PAGE display of purified
Nef protein fragments used in this study. Proteins were stained with Coomassie blue. (B) Proton NMR spectra confirmed the folding of the
various Nef proteins used. Shown is the high-field-shifted region of the spectra that typically displays resonances of methyl groups in close
contact with aromatic side chains as found in the Nef core domain structure. (C) ESI mass spectrometry analysis of the myristoylated
wild-type Nef protein attached with a C-terminal His6 tag. The measured protein mass of 25640 Da exactly matches the calculated mass.
(D) MALDI-TOF mass spectrometry analysis of a myristoylated Nef protein sample purified at room temperature. The degradation product
at 18.0 kDa resulted from proteolytic digestion of the N-terminal anchor domain and corresponded to the stable core domain of SF-2 Nef
(70-210). Note that both mass spectra did not exhibit any nonmyristoylated protein fraction.
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We next analyzed the solubility and folding of the Nef
protein constructs with proton NMR spectroscopy (Figure
2B). One-dimensional spectra of protein samples concen-
trated to 0.2-0.4 mM in 20 mM KPi aqueous buffer (pH
7.6) and 50 mM NaCl were measured at 27°C, accumulating
256-1024 scans each. A section showing the high-field-
shifted regions from 0.6 to-2.3 ppm is displayed for
myristoylated Nef, the nonmyristoylated form G2A, and the
two truncations (45-210 and 59-210). The resonance
signals observed in this region are expected to correspond
to methyl groups that are in close contact to aromatic side
chain residues, being therefore an indication for the folding
of the hydrophobic core domain. The dispersion of the
resonance lines indicated that all four protein constructs were
similarly well folded. However, the broadened line shape of
the myristoylated Nef indicated a higher tendency for
aggregation compared to the truncated forms. Interestingly,
also minor differences as, e.g., the shift of the peak at-0.42
ppm in the full-length protein to-0.55 ppm in the truncated
proteins can be observed, suggesting small changes in the
chemical environment of this residue.

Analytical Gel Filtration ReVealed a Smaller Size of
Myristoylated Nef Compared to the Nonmyristoylated Pro-
tein. The molecular dispersion of the lipidated Nef protein
in comparison to the nonmodified forms was next studied
by size exclusion chromatography. Three different analytical
gel filtration columns with variable elution profiles were
used, and experiments were run several times using different
buffer solutions and temperatures. To our surprise, the
myristoylated full-length protein always eluted at a retention
time later than the unmodified G2A mutant (Figure 3). On
a Superdex 75 column equilibrated in low salt phosphate
buffer the full-length Nef(G2A) protein eluted fastest at 21.07
min (at a flow rate of 0.5 mL/min), corresponding to a
calculated globular size with an apparent mass of 35.7 kDa.

The elution profile was well defined by a single symmetrical
absorption line. Migration of myristoylated Nef followed at
21.64 min, which is significantly different from the nonlipi-
dated form. Interestingly, also the shape of the elution profile
became asymmetric and showed tailing toward higher
retention times. The peak of the elution profile corresponded
to a globular protein size with a calculated mass of 33.3 kDa.
The N-terminally truncated Nef protein (45-210) appeared
again later than the myristoylated full-length protein at a
retention time of 22.07 min or an apparent mass of 31.6 kDa.
The difference in size to the unmodified full-length Nef-
(G2A) mutant of 4 kDa reflected approximately the mass of
the N-terminal truncation (MW(2-44): 4.7 kDa). Of note, other
than the two full-length proteins the truncated form always
exhibited two fractions of higher molecular weight that could
correspond to dimeric and multimeric formations. In conclu-
sion, we find that the myristoylated Nef protein of slightly
higher mass appeared significantly smaller by size exclusion
chromatography than the nonmyristoylated form, suggesting
a more compact conformation for the lipidated protein.

Western Blot Analysis Showed Myristoylation-Dependent
Differences in the Recognition and Degradation of Nef.
Conformational changes in protein isoforms often correlate
with different proteolysis patterns and modified recognition
profiles of primary antibodies. We therefore intended to
prove the indication of myristoylation-dependent different
sizes of Nef by western blot analysis. To this end, two
antibodies were used, one directed against an epitope in the
very N-terminal region of Nef and a second one directed
against the C-terminal His tag. The N-terminal monoclonal
anti-Nef antibody was a kind gift from Mark Harris,
University of Leeds. The western blot analyses of myris-
toylated (myr) and nonmyristoylated Nef proteins (G2A) are
shown side-by-side on 15% SDS-PAGE, each loaded with
8 µg of purified protein (Figure 4). First, Coomassie staining
displayed the protein input used including the C-terminal
His6 tag and confirmed two bands of similar intensities that
migrated at 34 kDa (Figure 4A). Next, the anti-Nef antibody
was used. Indeed, while the nonmyristoylated Nef protein
was properly recognized, the detection of myristoylated Nef
was considerably reduced, suggesting different conformations
of the two migrating proteins (Figure 4B). The targeting of
the antibody against the very N-terminal epitope in the anchor
domain of Nef is confirmed by the observation that only
full-length Nef is detected in both lanes but not any
N-terminal truncations. Next, the anti-His antibody that
recognized the C-terminal epitope revealed differences in the
proteolytic digestion pattern of both proteins (Figure 4C).
After purification the proteins were kept at room temperature
for approximately 6 h before subjection to SDS-PAGE
analysis. Both proteins showed truncations that migrated at
23 kDa and corresponded to the Nef core domain from
position 70 to position 210 as described before (30).
However, the intermediate proteolysis fragments observed
between 34 and 23 kDa indicate different cleavage patterns
within the N-terminal anchor domain. Moreover, another
small fragment at 11 kDa that corresponded most likely to
truncations in the C-terminal flexible loop of Nef is only
observed in the myristoylated form but not in the nonlipidated
protein. Finally, we applied limited enzymatic proteolysis
with myristoylated and nonmyristoylated Nef protein (Figure
4D). To this end, we used 70µg of Nef at a concentration

FIGURE 3: Analytical gel filtration of Nef proteins suggested a
myristoylation-dependent conformational change. Elution profiles
of myristoylated Nef (myr2-210), nonmyristoylated Nef (2-210,
G2A), and N-terminally truncated Nef (45-210) are shown. Both
full-length proteins carried a C-terminal His tag of 10 residues.
Measurements were performed on a Superdex 75 (10/30) column
with an elution volume of 0.5 mL/min in 20 mM KPi buffer (pH
7.6) and 50 mM NaCl. Molecular masses (kDa) and retention times
(min) of marker proteins are shown on top. The myristoylated Nef
protein eluted at a retention time later than the nonmyristoylated
form, suggesting a smaller globular size. The truncated Nef (45-
210) appeared still smaller than the myristoylated full-length protein
and showed some dimeric and multimeric fractions.
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of 2 mg/mL and added both elastase and trypsin in a 1:500
ratio from a 0.1 mg/mL stock solution. The digest was
followed over 60 min with each 3µg sample taken at defined
time points and subjected to SDS-PAGE analysis. Small
but distinct differences of the degradation could be observed,
e.g., by a fragment at 18 kDa that appeared after 5 min in
Nef(G2A) but not in myristoylated Nef. Moreover, the
kinetics of truncations resulting in fragments from 30 to 25
kDa size appeared differently. Together, these data again
suggested different accessibilities of the two protein forms
resulting from conformational changes upon myristoylation.

Analytical Ultracentrifugation Showed Myristoylation To
Shift the Oligomeric Assemblies of Nef toward a Monomeric
Form. To further test the implications of myristoylation on
the oligomerization state of Nef, we performed sedimentation
velocity analysis using analytical ultracentrifugation experi-
ments (Figure 5). The sedimentation traces of a 9µM
concentrated protein sample of myristoylated or nonmyris-
toylated Nef were measured at 50000 rpm in 20 mM Tris-
HCl buffer at pH 8.0 and 20°C (Figure 5A,B). The

differential sedimentation coefficient distributions showed
for nonmyristoylated Nef a sedimentation behavior corre-
sponding to a mixture of three species sedimenting with 2.3,
3.7, and 5.1 S (Svedberg), respectively (Figure 5C). These
three species most likely indicated self-association of Nef
that may correspond to monomeric, dimeric, and trimeric
forms. Indications of dimer and trimer Nef accumulations
have been indeed identified before in protein crystals with
different packing units (23). In contrast to this, the myris-
toylated Nef sample showed a prominent component sedi-
menting with 2.3 S and only a minor impurity of less than
8% at 4 S. This observation suggested that myristoylation
of Nef resulted in monomerization in aqueous solution,
meaning that the cytosolic form of Nef is rather monomer
while the membrane-bound form might occur in an multi-
meric equilibrium. From 2.3 S and 25.4 kg molar mass a

FIGURE 4: Western blot analysis exhibited myristoylation-dependent
differences in the accessibility and proteolysis of Nef. The migration
of myristoylated (myr) and nonmyristoylated (G2A) Nef proteins
is shown on 15% SDS-PAGE analysis, respectively. 8µg of
purified proteins was subjected to each lane. (A) Coomassie staining
of the two protein forms used. (B) Differences in the recognition
of Nef using an anti-Nef antibody directed against an N-terminal
epitope. While the nonmyristoylated Nef was properly recognized
by the antibody, the detection of the myristoylated Nef was
considerably reduced. Note that only the full-length protein is
detected in both lanes but not any truncations of Nef, confirming
the very N-terminal epitope targeting of the antibody. (C) Differ-
ences in the proteolytic digestion pattern of myristoylated and
nonmyristoylated Nef. The truncations of Nef that occur in the cell
lysate and during protein purification are detected by an anti-His6
antibody that recognized the C-terminal epitope. (D) Time course
of an enzymatic proteolysis experiment of unmodified Nef(G2A)
and myristoylated Nef. The proteolytic digest using Nef with
elastase and trypsin in a 500:1 ratio (w/w) was followed over 60
min. Each lane contained 3µg of Nef subjected to 18% SDS-
PAGE and stained with Coomassie blue.

FIGURE 5: Analytical ultracentrifugation of myristoylated and
nonmyristoylated HIV-1 Nef. (A) Sedimentation curves of 9µM
myristoylated Nef in an analytical ultracentrifuge at 50000 rpm in
20 mM Tris-HCl buffer (pH 8.0). Scans were taken every 11 min,
and every second scan is depicted. (B) Sedimentation curves of 9
µM nonmyristoylated Nef(G2A), recorded as in (A). (C) Differential
sedimentation coefficient distributions for myristoylated and non-
myristoylated Nef(G2A) calculated from the above sedimentation
traces using the SEDFIT program (26). While the unmodified form
of Nef existed in an oligomeric equilibrium of monomer, dimer,
and trimer fractions at 2.3, 3.7, and 5.1 S, the myristoylated Nef
prevails in a monomeric state at 2.3 S.
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frictional coefficient of 1.37 is calculated (26), indicating
the molecule to have an elongated structure or a globular
structure with some protrusion contributing to the larger
friction.

Fluorescence Correlation Spectroscopy ReVealed Different
Diffusion Times.To obtain more information on the influence
of the myristoylation on the conformation and dynamics of
Nef, we performed fluorescence studies in solution. First,
fluorescence emission spectra were recorded by excitation
of the intrinsic tryptophans within Nef at 280 nm. Nef-SF2
contains a high number of eight tryptophans, the anchor
domain possesses three highly conserved tryptophans (posi-
tions 5, 13, 61) while the core domain is formed by five
tryptophans, out of which four (positions 117, 128, 145, 187)
are highly conserved and almost completely hidden within
the structure. The location of the typtophan residues is
displayed in a model structure (16) of full-length Nef (Figure
6A). Fluorescence emission spectra revealed that the fluo-
rescence maximum at 341 nm and the natural line width are
similar for myristoylated Nef, the nonmyristoylated Nef-
(G2A), and the N-terminally truncated proteins Nef(45-210)
and Nef(59-210) (Figure 6B). Since the reciprocal value
of the line width is related to the time of the fluorescence
decay, we conclude that the local environments around the

excited states S1 are similar for the tryptophan moieties in
both lipidated and nonlipidated Nef.

Next, we tested the existence of multiphoton excitation
within Nef using a home-build fluorescence correlation
microscope equipped with a mode-locked Ti-Sa laser that
allows for excitation between 700 and 1000 nm (31). To
this end, we excited the Nef protein with a wavelength of
840 nm, which is three times longer than its one photon
absorption maximum at 280 nm. To our surprise, we indeed
observed fluorescence correlation spectra (FCS) indicating
multiphoton excitation of wild-type Nef (Figure 7). The
relationship between fluorescence intensity and laser power
should ideally be of cubic power in case of three-photon
absorption but was determined to be at the power of 2.7 here.
However, since at high laser power precipitation of the
sample occurred, the exact relationship was difficult to
determine. To our knowledge, direct three-photon excitation
of a protein has been only reported for a mutant of troponin
C that contained a single tryptophan residue at a mutant site
(32).

The shape of the autocorrelation functions revealed that
myristoylation of Nef significantly influenced the diffusion
of the protein in aqueous solution. From a fit of these curves
the characteristic translational diffusion timesτdiff were
calculated (Table 1), which correspond to the average times
a particle spends within the 3hV excitation volume. The
characteristic residence time for myristoylated Nef was
almost 2-fold smaller compared to its nonmyristoylated form,
which suggested that myristoylation leads to a significantly
more compactly folded protein. In contrast, the diffusion
times for the truncated forms (45-210 and 59-210) were
only slightly smaller, which might result from an increased
tendency for oligmerization as observed by analytical gel

FIGURE 6: Fluorescence emission spectra of myristoylated, non-
myristoylated, and N-terminally truncated HIV-1 Nef proteins. (A)
NefSF2contains eight tryptophans in its structure. Five of these form
the core domain structure, out of which four are highly conserved
while three are located in the N-terminus. Displayed is a full-length
model of Nef that is assembled from individual structures of the
anchor (1-61) and core (62-210) domain. PDB accession numbers
are 1QA5 (24) and 2NEF (21), respectively. (B) Fluorescence
emission spectra of various Nef protein fragments. The excitation
wavelength was set to 280 nm with(1 nm slits. The emission
wavelength was recorded from 300 to 500 nm, integrated in steps
of 1 nm with a 1 sintegration time and(5 nm slits. Spectra were
recorded at 20°C in 20 mM Tris-HCl (pH 7.6), 50 mM NaCl, and
5 µM protein concentration.

FIGURE 7: Fluorescence autocorrelation spectra of myristoylated
and nonmyristoylated Nef showed different diffusion times. Fluo-
rescence correlation spectra were recorded using direct three photon
excitation of the tryptophans at 840 nm. The measurements were
performed at an average laser power of 120 mW using a titanium
sapphire laser (coherent) with high repetition rate (76 MHz) and
short pulse width (∼200 fs). Protein concentrations of 38µM in
aqueous solutions were used, and spectra were recorded at 25°C.

Table 1: Characteristic Translational Diffusion Times of
Myristoylated and Nonmyristoylated HIV-1 Nef Proteins

molecule diffusion time (τdiff) (ms)

myrNefSF2(myr2-210) 0.08( 0.023
NefSF2(G2A, 2-210) 0.15( 0.017
NefSF2(45-210) 0.12( 0.025
NefSF2(59-210) 0.13( 0.019
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filtration and indicated by NMR spectroscopy. However, the
standard errors of the characteristic diffusion times as derived
from a fit to the autocorrelation function were up to 30%
and very much dependent on the initial data points measured
at low correlation timesτ. Overall, the FCS measurements
indicated different translational diffusion times suggesting
a conformational change for the myristoylated protein.

DISCUSSION

This study focused on biochemical aspects of myristoy-
lation of the HIV-1 Nef protein. The evaluation of elution
profiles from size exclusion chromatography, the antibody
recognition and pattern of limited proteolytic digest, and the
calculation of diffusion times from fluorescence correlation
spectroscopy measurements all revealed different sizes and
accessibilities in aqueous solution for the myristoylated Nef
protein compared to its unmodified form. Moreover, analyti-
cal ultracentrifugation showed that unlipidated Nef existed
in an equilibrium of self-associated aggregates while myris-
toylated Nef prevailed in a monomeric form. These data
indicated structural changes within the protein upon lipidation
and suggested different conformations for the membrane-
bound and cytosolic form of Nef.

We first established an in vivo expression assay for Nef
myristoylation inE. coli cells using theN-myristoyltrans-
ferase for coexpression and addition of myristic acid as
substrate. To increase the yield of Nef protein expression,
we optimized the codon usage by a change of rare codons
AGG, AGA, and CTA to the corresponding more commonly
used codons inE. coli. By this procedure, we obtained an
approximately 15-fold higher expression level for the
standard full-length Nef production. In particular, we could
increase the expression temperature with the codon-optimized
nef plasmid to 28°C, which we found to be beneficial for
the myristoylation reaction by the NMT. The efficiency of
the myristoylation reaction was estimated to be higher than
95%; in fact, we could not observe any nonmyristoylated
Nef protein by mass spectrometry. These results are in line
with previous observations that coexpression of the target
gene together with the NMT plus addition of 50µM myristic
acid to the expression medium clearly shifted the enzymatic
reaction equilibrium toward a full myristoylation saturation
(33). Alternatively to codon optimization, modified cell lines
that supplement for rare codon usage could be used to
increase the protein expression to similar levels. However,
this latter strategy requires an additional antibiotic selection.
The codon-optimized plasmid, in contrast, seems to be
superior when an additional restraint is introduced, as would
be, e.g., protein expression on minimal medium for stable
isotope labeling.

Size exclusion chromatography showed that myristoylated
Nef appeared of smaller size than the unmodified form, but
not as small as N-terminally truncated Nef(45-210) that
misses almost the entire anchor domain. Interestingly, this
Nef variant showed some dimerization and higher oligo-
merization fractions that were not observed in the two full-
length proteins. Potentially, the truncation uncovers a surface
on Nef that now leads to homomer formation which
otherwise is not accessible in the protein. Particularly,
residues onR-helix 4 and the adjacent loop (R109-D127)
have been identified previously to form the molecular basis

for Nef core domain dimer and trimer associations (34).
Furthermore, from analytical ultracentrifugation experiments
the equilibirum of self-associations seemed to be changed
between the myristoylated and unlipidated form of Nef.
While in the sedimentation coefficient distribution the
nonmyristoylated Nef appeared in an equilibrium composed
of monomer, dimer, and trimer fractions with decreasing
populations, the myristoylated Nef prevails in a single
monomeric state. This suggested that the cytosolic nonmem-
brane-bound form of Nef might adopt a conformation where
is stays largely monomer, while the membrane-bound form
existed in a dynamic equilibrium of self-associations. In a
recent report on a different Nef allele, BH10, a large
aggregate made of 16 Nef molecules was observed for the
unmodified form while myristoylation changed the protein
to a predominantly monomeric form and small oligomers
(35). While we similarly find monomerization upon myris-
toylation, these highly oligomeric structures of Nef could
not be confirmed in our experiments. Since the multimer
formations of Nef may hence be related to the conformation
of the anchor domain or N-terminal truncations, future
structural studies on the full-length protein should be
performed to address this question.

Fluorescence correlation spectroscopy is perhaps the most
informative technique to analyze the diffusion of a molecule
in a particular environment, either in vitro or in vivo (36,
37). The translational diffusion time, which is the average
lateral transit time of the particles through the ellipsoidal
measuring volume (<0.5 fL), relates by the diffusion
coefficient and the Stokes-Einstein equation to the hydro-
dynamic radius of the particles. For approximately spherical
particles a linear relation between the diffusion time and the
hydrodynamic radius holds. Since we observed an almost
2-fold lower diffusion time for myristoylated Nef compared
to the unmodified form, there should be a large difference
in the overall shape of the two molecules. Only a fully
flexible anchor domain in the nonlipidated protein versus a
rather compact anchor domain in the myristoylated Nef may
explain such differences. Hence, it is surprising that the two
truncated forms (45-210 and 59-210) do not exhibit smaller
diffusion times. A possible explanation could be the aug-
mented dimerization and trimerization as described above.
Alternatively, also the C-terminal flexible loop of Nef might
be involved in the conformational changes in a cooperative
manner and enlarge the volume by an “open” or “closed”
conformation (38).

Multiphoton excitation (MPE) is the simultaneous absorp-
tion of two or more long-wavelength photons to excite the
lowest singlet state of a fluorophore (39-41). Specially
designed MPE chromophores have gained biological impor-
tance since they allow noninvasive investigations of biologi-
cal processes within the subfemtoliter volume (42). Since
in our experiments Nef was not labeled with any conjugation
unit, the most likely explanation for the observed fluores-
cence emission is three-photon excitation due to confined
tryptophan residues within the protein, as has been suggested
before for human serum albumin (43). To date, the complex
photophysics of proteins containing tryptophans is explained
by an ionization/recombination mechanism of the excited
states (44). This involves ionization of the excited tryptophan
residues, due to the collisional transfer of an electron to the
side chain of the neighboring residue (45). A similar

Myristoylation-Induced Conformational Changes in Nef Biochemistry, Vol. 45, No. 7, 20062347



mechanism in which the chromophore is converted into a
new fluorescent species could be responsible for multiphoton
excitation of tryptophans. Since the intensity of the three-
photon excitation of Nef is strong, it is possible to assume
that geometrical constraints of the tryptophan assembly
within the Nef core domain structure enhance the observed
multiphoton processes.

Our data suggest that the lipidation of Nef might induce
a folding of the hydrophobic fatty acid to the core domain
structure while the anchor domain of the unmodified form
is rather flexible. This transition may include even additional
conformational changes in the C-terminal flexible loop of
Nef and induce formation of secondary structure elements
in otherwise flexible regions. An extension of helical
structure elements upon myristoylation was indeed observed
for the anchor domain of Nef (24). A compact globular
structure of myristoylated Nef that is thought to reflect the
cytosolic conformation versus a loose unmodified form that
may represent the membrane-associated state when the
myristate in inserted into the lipid bilayer would suggest
some kind of dynamic regulation. Such model has been
previously quoted to explain the complex activities of Nef
(38) and was correlated with the exposure of a cluster of
negatively charged residues close to the dileucine-based
internalization motif in the membrane-bound form of Nef
(46). Myristoylation switches have been observed, e.g., for
the small GTP-binding protein Arf1, the Marcks proteins,
or recoverin (47-49). Here, the GDP to GTP exchange,
phosphorylation, or calcium binding, respectively, induces
conformational changes that lead to exposure of the lipid
moiety and subsequently direct membrane attachment. While
Nef is missing such enzymatic activity, it could be regulated
by a kind of autoinhibitory myristoyl switch mechanism, such
as the c-Abl tyrosine kinase, which has been recently found
to regulate docking and accessibility of the SH2 domain by
a combined myristoyl/phosphotyrosine switch mechanism
(50). Alternatively, interacting proteins of Nef that actively
sense for a conformational change upon myristoylation could
act as effectors for membrane association. Such differences
in recognition have been recently reported for the interaction
with calmodulin in vivo and assigned to the N-terminal
residues in Nef (51). Another regulation mechanism was
identified for the HIV-1 matrix protein that shifted between
monomer and trimer formations by entropic modulation of
preexisting equilibrium states (52). For Nef, its various
interacting proteins and the interplay with its C-terminal
flexible loop may contribute to the regulation of its cytosol-
membrane attachment equilibrium. Further studies will be
directed on the structural properties of Nef and its membrane
attachment in cells.
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