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Structural consequences of phosphorylation of two serine
residues in the cytoplasmic domain of HIV-1 VpU
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Heinrich-Heine-Universität, BMFZ, 40225 Düsseldorf, Germany

Received 8 October 2007; Accepted 13 November 2007

Abstract: The human immunodeficiency virus type 1 (HIV-1) protein U (VpU) is an accessory protein responsible for enhancement
of viral particle release and down regulation of the T-lymphocyte coreceptor CD4. Direct binding between the cytoplasmic domains
of CD4 and VpU as well as phosphorylation of serines 53 and 57 in the cytoplasmic domain of VpU plays a central role in
CD4 downregulation. We investigated structural consequences of phosphorylation of the two serines using nuclear magnetic
resonance spectroscopy. A uniformly 15N and 13C stable isotope-labeled 45-residue peptide comprising the cytoplasmic domain
of VpU (VpUcyt) was recombinantly produced in E .coli. The peptide forms two helices (commonly referred to as helix 2 and
3) in the presence of membrane mimicking dodecylphosphocholine (DPC) micelles, which flank a flexible region containing
the two phosphorylation sites. Phosphorylation does not cause any drastic structural changes in the secondary structure of
VpUcyt. However, an N-terminal elongation of helix 3 and a slightly reduced helicity at the C-terminus of helix 2 are observed
upon phosphorylation based on characteristic changes of 13Cα and 13Cβ chemical shifts. Phosphorylation also reduces the local
mobility of the protein backbone in the loop region containing the phosphorylation sites according to heteronuclear 1H–15N
nuclear Overhauser enhancement (NOE) data. Copyright  2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The 81-residue transmembrane protein VpU is one
of the accessory proteins encoded in the genome of
the HIV-1 [1–4]. A short stretch of basic amino acids
separates the N-terminal transmembrane part of VpU
(α-helix 1 [5]) from the acidic cytoplasmic domain. There
is consensus on formation of an α-helix 2 – flexible
loop – α-helix 3 motif in the cytoplasmic region of
VpU followed either by a C-terminal turn [6] or by a
short fourth helix [7] in membrane-like environments
(recently reviewed in [8]). The flexible loop comprises
two serine residues (Ser53 and Ser57 in VpU of HIV
strain HV1S1) that are part of a highly conserved
dodecapeptide sequence extending from Glu48 to Gly59
[7] and are subject to phosphorylation by CK2 [9].

Two major functions of VpU have been reported. The
ability of VpU to enhance progeny virus release has
been attributed to the transmembrane region, whereas
the CD4 downregulation activity was traced to the
cytoplasmic domain [10]. VpU binds directly to newly
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synthesized CD4 that is trapped in a complex with viral
envelope precursor protein gp160 in the endoplasmic
reticulum and induces rapid degradation of the viral
receptor CD4 in the cytosolic ubiquitin–proteasome
pathway [11]. The membrane proximal amphipathic
helix 2 and C-terminal residues of the cytoplasmic
domain of VpU are important for CD4 binding [12].
Phosphorylation of Ser53 and Ser57 of VpU by CK2
is not required for binding CD4, but is essential for
CD4 degradation [13,14]. Phosphorylated VpU binds
human βTrCP, which in turn binds the proteasome-
targeting factor Skp1p, resulting in a multiprotein
complex that connects CD4 to degradation by the
proteasome pathway [15].

Secondary structure elements of the cytoplasmic
domain of VpU have been derived from solution NMR
data on various VpU polypeptide fragments recorded in
TFE–water mixtures [6,16], high salt aqueous solution
[7], and DHPC micellar solution [17]. Although the
helix 2 – loop – helix 3 motif is generally accepted,
the exact location and extension of these elements
differ somewhat depending on experimental conditions
(buffer solution, fragment length, temperature, pH,
etc.).

Despite the functional significance of VpU phospho-
rylation, there is very little data on its effect on VpU
structure. The orientation of helix 2 parallel to the lipid
membrane surface is not affected by phosphorylation of
VpU according to solid state NMR on the VpU(27–57)
polypeptide [18]. Coadou et al. used solution NMR to
study the truncated peptide VpU(41–61) in water and
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in TFE solution both in the presence and absence of
serine phosphorylation [19]. The peptide used in their
study contained the flexible loop region and parts of
the flanking cytoplasmic helices 2 and 3. Following
phosphorylation, the α-helix 3 fragment was no longer
observed. Instead, a short β-strand emerged close to
the C-terminus of the peptide. A very similar struc-
ture of phosphorylated VpU(41–61) was reported for
the βTrCP-bound peptide [20]. In contrast, a recent
molecular dynamics simulation on full length VpU in
a lipid bilayer indicated that phosphorylation of VpU
reduces the helicity of several residues at the termini of
both helices 2 and 3 adjacent to the loop region but no
β-strand formation was reported [21].

Post-translational phosphorylation is a highly abun-
dant mechanism for regulation of protein activity.
Occasionally, side chain phosphorylation causes global
structural changes of the affected protein [22]. More
frequently, phosphorylation results in minor conforma-
tional changes only [23]. In particular, phosphorylation
can stabilize the N-terminus of a proximate α-helix
[24]. The objective of our study was the investigation
of the structural consequences of phosphorylation of
Ser53 and Ser57 of VpU by CK2. VpU is a trans-
membrane protein and its cytoplasmic domain resides
in the polar lipid–water interface region of the mem-
brane. Therefore, it is crucial that the structure of the
cytoplasmic domain of VpU is studied in an appropri-
ate environment. However, high resolution liquid state
NMR spectroscopy is only feasible with model mem-
brane particles of limited size which must undergo
rather rapid rotational diffusion. We investigated the
behavior of the cytoplasmic domain of the HIV-1 protein
VpU as a function of phosphorylation in the presence
of membrane-mimicking DPC micelles.

MATERIALS AND METHODS

Protein Expression and Purification

A DNA fragment coding for the cytoplasmic domain of VpU
(residues 39–81; residue numbering scheme of the HIV-1
strain HV1S1, Swiss-Prot accession number P19554) was
amplified by PCR and cloned into the vector pGEX-2T (GE
Healthcare) using BamHI and NotI restriction sites. The
new vector pGEX-2T-VpUcyt was used for transformation
of E. coli BL21(DE3) cells (Invitrogen). Cells were grown at
37 °C until the absorbance at 600 nm had reached the value
of ∼0.7. Expression of the fusion protein was induced by
addition of IPTG to a final concentration of 1 mM. The cells
were harvested following another 4 h of shaking at 37 °C
after induction. For 15N and/or 13C isotopic labeling, M9
minimal medium [25] was employed with [15N]ammonium
chloride and [13C]glucose (Cambridge Isotope Laboratories)
as the sole nitrogen and carbon sources, respectively. The
Gly-Ser-Thr–VpUcyt fusion protein was purified using affinity
chromatography on GSH 4B (GE Healthcare). The fusion
protein contains a thrombin cleavage site that immediately

precedes the VpU(39–81) sequence. Enzymatic cleavage with
thrombin protease (GE Healthcare) was performed on a GSH
column resulting in release of the 45-residue target protein
consisting of VpU(39–81) with an additional N-terminal
Gly–Ser dipeptide. This 45-residue polypeptide is referred to
as VpUcyt in what follows. VpUcyt was further purified by
RPC using a Resource 15 RPC 3 ml column (GE Healthcare)
equilibrated with 50 mM ammonium acetate at pH 7.2. The
protein was eluted from the column using a water–acetonitrile
gradient. VpUcyt containing fractions were pooled, lyophilized,
and stored at −20 °C until use.

Phosphorylation Reaction and Dephosphorylation
Assay

CK2 was purchased from New England Biolabs. Lyophilized
VpUcyt was dissolved at a concentration of 1 mM in
0.5 ml phosphate buffer [20 mM sodium phosphate, pH 7.5,
100 mM NaCl, 10 mM MgCl2, 400 µM ATP, 100 mM DPC-d38
in H2O/2H2O (9 : 1, v/v)]. DPC-d38 and 2H2O were from
Cambridge Isotope Laboratories. 3000 units of CK2 were added
and the phosphorylation reaction was allowed to proceed for
1 h at 30 °C resulting in virtually quantitative phosphorylation
of Ser53 and Ser57. The degree of phosphorylation was
checked by recording a 1H, 15N-HSQC NMR spectrum of
VpUcyt after adjusting the sample pH to 6.2. Phosphorylation
causes distinct changes of the backbone amide 1HN and 15N
chemical shifts of the affected residues [26] (Figure 1). Only
one set of VpUcyt resonances was observed in the HSQC
spectrum after 1 h of incubation with CK2, indicating that
the phosphorylation reaction was complete. Phosphorylated
VpUcyt was purified from CK2 and nucleotides by RP-HPLC
following the protocol described above.

The effect of CK2 on VpUcyt was fully reversible by enzy-
matic dephosphorylation, confirming that the employed CK2

Figure 1 1H,15N-HSQC spectra of 15N-labeled VpUcyt with
phosphorylated (green) and unphosphorylated (black) Ser53
and Ser57 recorded in 100 mM DPC-d38 at 30 °C and pH 6.2.
Phosphorylation induces strong chemical shifts changes of the
amide protons and nitrogens of Ser53 and Ser57. Additional
residues that undergo moderate but significant resonance
shifts are annotated. Backbone and side chain amides are
denoted by capital and lower case letters, respectively. The
insert shows the indole ring HN–N correlation of Trp76.
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did not contain or cause any activities other than phosphory-
lation of VpUcyt (e.g. proteolytic activity). Incubation of 125 µM

phosphorylated 15N-labeled VpUcyt in 0.3 ml reaction buffer
with 10 units of shrimp alkaline phosphatase (SAP; purchased
from MBI Fermentas) for 1.5 h at 37 °C resulted in complete
reversion of the HSQC spectrum into that of nonphosphory-
lated VpUcyt.

The identity of both nonphosphorylated and phosphorylated
VpUcyt proteins was confirmed based on molecular mass
determination by electrospray ionization mass spectrometry.

NMR Spectroscopy

NMR samples contained 1 mM VpUcyt and 100 mM DPC-
d38 in phosphate buffer [20 mM sodium phosphate, pH
6.2, 100 mM NaCl, 0.02% (w/v) NaN3 in H2O/2H2O (9 : 1,
v/v)]. Samples were prepared using either phosphorylated or
unphosphorylated VpUcyt, respectively.

NMR spectra were acquired at 30 °C on Varian Unity
INOVA spectrometers operating at 1H resonance frequencies of
600 and 800 MHz, respectively. Triple resonance 1H{13C,15 N}
probes equipped with actively shielded three-axis pulsed
field gradient (PFG) or z-axis PFG coils were employed for
measurements at 14.1 and 18.8 T, respectively. Data were
processed with NMR Pipe [27] or VNMRJ (Varian, Inc.), and
analyzed with CARA [28].

Sequential assignment of 1HN, 15N, 13Cα, and 13Cβ

resonances of VpUcyt was accomplished based on 1H,15N-
HSQC [29], gradient enhanced 1H,13C-HSQC [30], and
HNCACB [31] experiments at 14.1 T. All resonances were
referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS).

Heteronuclear 1H–15N NOEs were derived from two-
dimensional spectra recorded at 18.8 T with a TROSY [32]
based NOE pulse sequence [33]. 1H–15N NOE-TROSY spectra
were acquired with or without 3 s of 1H saturation prior to
the first pulse of the NOE sequence. A series of 120° pulses
spaced at 5 ms intervals was used for proton saturation.
NOE intensities were obtained by fitting NOE peaks to an
adjustable ‘model peak’ shape using CARA. A superposition
of Gauss and Lorentz functions was employed. The model
parameters (Gauss-Lorentz balance, line width) were adjusted
manually and independently for both spectral dimensions
using representative NOE peaks. The complete list of NOE
intensities was obtained by fitting all NOE peaks of a
given spectrum against the same ‘model peak’ shape. The
heteronuclear NOE is the ratio of the integral peak intensities
measured with and without proton presaturation, respectively.

RESULTS AND DISCUSSION

Mapping of Chemical Shift Changes upon
Phosphorylation

The resonance frequency of a nuclear spin reflects the
effective magnetic flux density at the position of the
nucleus and depends on both the field of the NMR mag-
net and the electronic environment of the nucleus. The
exact position of an NMR signal is affected by chem-
ical modifications if they influence the local electron
density, e.g. due to inductive or mesomeric substituent

effects transmitted through chemical bonds. Through
space interactions with magnetically anisotropic moi-
eties are another source of resonance shifts. Chemi-
cal shifts of nuclei in the backbone of a protein are
influenced to various extents by geometry, hydrogen
bonding, and the attached side chain [34]. Character-
istic deviations of chemical shifts from values typically
observed in unstructured proteins (referred to as ran-
dom coil shifts) provide a sensitive indicator of sec-
ondary structure [35]. However, chemical modification
of an amino acid residue may also cause substantial
chemical shift changes of nearby nuclei independently
of the secondary structure context. For example, phos-
phorylation of serine residues in unstructured peptides
causes chemical shift changes of serine resonances
that depend on the ionization state of the phosphate
group and can be comparable in magnitude to changes
resulting from secondary structure formation [26].

Figure 1 shows a superposition of 1H,15N-HSQC
spectra of phosphorylated (green) and unphospho-
rylated (black) VpUcyt in DPC micelle solution. All
expected backbone and side chain amide correlations
have been identified, but only peaks undergoing a sig-
nificant shift upon phosphorylation are labeled in the
figure. Large shifts are observed for Ser53 and Ser57. In
addition, small but significant shifts occur for almost all
backbone amides in the sequence from Ile46 to Gly59
and for the side chain amides of Asn55 and Gln61.

Phosphorylation of serine residues in unstruc-
tured peptides has been reported to induce chemical
shift changes of �δHN ∼ 0.3 ppm and �δN ∼ −0.2 ppm
(monoanionic phosphate group) or �δHN ∼ 1 ppm and
�δN ∼ 2.8 ppm (dianionic phosphate group) [26] relative
to unphosphorylated peptides [34]. The observed shifts
of Ser53 (�δHN ∼ 0.5 ppm; �δN ∼ 1.2 ppm) and Ser57
(�δHN ∼ 0.3 ppm; �δN ∼ 0.6 ppm) are between these val-
ues. The pKa of the equilibrium of mono- and dianionic
forms of phosphorylated serine is about 6 [26]. At pH
6.2, where the present NMR study was conducted, a
mixture of both ionic forms with rapid fluctuations
of the charge state of individual phosphate groups is
expected, resulting in intermediate chemical shifts in
agreement with our data. The substantial �δHN and
�δN shifts of Ser53 and Ser57 of VpUcyt observed upon
phosphorylation are, at least to a large part, a direct
effect of the modified electron density at the position
of the observed spins induced by the substituent. The
minor chemical shift changes throughout the sequence
from Ile46 to Gly59 (Figure 2) may reflect slight modi-
fications of the structure or dynamic properties of the
affected region due to steric and/or electrostatic effects
of the covalently attached charged phosphate moieties.

Secondary Structure Estimation using Carbon
Chemical Shift Data

The influence of serine phosphorylation on secondary
structure of VpUcyt is examined in Figure 3 based on
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Figure 2 Histograms of chemical shift changes of VpUcyt
backbone and side chain 1HN (above) and 15N (middle)
resonances resulting from phosphorylation of Ser53 and
Ser57. The lower panel shows total chemical shift changes
according to the equation �totalδ = [(�δH)2 + (0.1 × �δN)2]1/2

[36].

�δ 13C = �δ 13Cα − �δ 13Cβ values, which combine the
sensitivity of protein 13Cα and 13Cβ chemical shifts for
protein secondary structure elements. In general, 13Cα

resonances experience an average downfield shift of
∼2.5 ppm in helices and an average upfield shift of
∼2.0 ppm in β-sheets relative to random coil shifts,
while 13Cβ shifts show little deviation from random coil
values in helices, but are shifted downfield by ∼2.5 ppm
in β-sheets [34]. The chemical shift changes �δ 13Cα and
�δ 13Cβ represent the difference between the measured
13Cα and 13Cβ chemical shifts and tabulated, amino
acid-specific random coil shift values, respectively [37].
In a �δ 13C plot (upper two panels of Figure 3), a dense
grouping of four or more positive bars, each exceeding
a threshold of 0.7 ppm, with an average height of
∼2.5 ppm indicates helical structure. A cluster of three
or more negative bars, each smaller than −1.4 ppm,
with an average magnitude ∼4.5 ppm strongly hints at
a β-strand conformation [34,35].

Figure 3 clearly indicates the presence of two helices
in VpUcyt both in the absence (top panel) and
presence (middle panel) of serine phosphorylation in
DPC micelles. Most likely, helix 2 extends from the
N-terminal Ile39 of the VpUcyt sequence through Glu48
and helix 3 from Leu64 through Arg70 (we follow
the generally accepted VpU helix numbering scheme
introduced above). The extent of the two helices is
indicated by a gray background in Figure 3. The average
magnitude of �δ 13C in helix 2 is significantly larger

Figure 3 Effect of phosphorylation of Ser53 and Ser57 on
secondary chemical shifts of VpUcyt studied in detergent
micelles (100 mM DPC-d38) at 30 °C. The upper two panels
show the difference �δ Cα − �δ Cβ in case of unphosphory-
lated (top) and phosphorylated (middle) VpUcyt. �δ denotes
the difference between observed and tabulated random coil
chemical shifts [37]. The lower panel displays the difference
between the �δ values in the upper two panels (phospho-
rylated–unphosphorylated state). The position of the two
phosphorylated serines is indicated by asterisks. Random
coil chemical shifts of Ser53 and Ser57 were corrected for
the direct shift caused by phosphorylation assuming either a
monoanionic (solid bars) or a dianionic phosphate group (open
bars) [26]. Two regions with pronounced helix propensity are
observed in VpUcyt (amino acids 39–48 and 64–70, high-
lighted by gray background) and appear to be rather insensitive
to the phosphorylation state.

than in helix 3, indicating a higher degree of helicity in
the N-terminal helix. Most likely, helix 2 is adopted in
almost all VpUcyt molecules in the NMR sample while
helix 3 is present in less than 40% of the polypeptides
at any instant of time due to substantial conformational
exchange in this part of the peptide.

The region between the two helices shows no appar-
ent preference for helical or β-strand conformations
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in the unphosphorylated VpUcyt. Phosphorylation of
Ser53 and Ser57 causes large chemical shift changes
of the 13Cβ and moderate changes of the 13Cα ser-
ine resonance positions. However, taking into account
the influence of serine phosphorylation on random coil
shifts of serine [26] reduces the �δ13C values of Ser53
and Ser57 (marked by asterisks in Figure 3, middle)
to low levels. Filled and open bars represent �δ 13C
values calculated with random coil shifts of serine
bound to either mono- or dianionic phosphate, respec-
tively. Rapid exchange between the mono- and dianionic
charge state of the phosphate group, as expected at the
pH 6.2 of this study (see above), will result in effective
�δ 13C values of Ser53 and Ser57 intermediate between
the open and closed bars, i.e. even closer to zero. All
other residues in the region between helices 2 and 3
show �δ 13C values at (Gln61) or below the threshold
of 0.7 ppm for helix formation. Clearly, there is also no
indication for β-strand formation in this region. If any-
thing, the uninterrupted stretch of small positive �δ 13C
values between Ser57 and Leu64 observed in Figure 3
(middle) might hint at an N-terminal extension of helix 3
in a subfraction of phosphorylated VpUcyt conformers.

The lower panel of Figure 3 shows the difference
between �δ 13C in phosphorylated versus unphospho-
rylated VpUcyt. The aim of this graph is to highlight
changes in helix or β-strand propensity that might
occur as a result of phosphorylation. No pronounced
changes on the secondary structure level are visible.
Nevertheless, there might be minor modifications of the
conformational ensemble of VpUcyt. Clustering of three
negative bars in the C-terminal half of helix 2 is com-
patible with a slightly reduced helicity of the last turn
of this helix, i.e. helix 2 might be shortened in a fraction
of the phosphorylated VpUcyt conformers. The possible
N-terminal extension of helix 3 mentioned above is also
reflected by a series of positive bars between Ser57 and
Leu64 in the lower panel.

In a regular α-helix, the dipole moments of the
individual peptide units are aligned almost parallel
to the helix axis resulting in a substantial net dipole
moment referred to as helix dipole [38]. The positive end
of the helix dipole points towards the N-terminus and
the negative dipole end towards the C-terminus of the
α-helix. Introduction of a negative charge in the vicinity
of the N-terminus of an α-helix is expected to stabilize
the helix but placing the negative charge close to the
C-terminus should have a helix destabilizing effect
[39]. Phosphorylation of Ser53 and Ser57 introduces
negative charges to the flexible loop region connecting
helices 2 and 3 of VpUcyt (Figure 4). It is conceivable
that electrostatic interactions of the negatively charged
phosphate with the positive end of the dipole of helix
3 causes an N-terminal stabilization of helix 3 while
unfavorable interactions with the negative end of the
dipole of helix 2 destabilize the C-terminus of helix
2. Alternatively, extension of helix 3 in some of the

dynamically exchanging conformers may be explained
by direct hydrogen bond formation between one of the
four unsatisfied backbone amide hydrogen donors at
the N-terminus of the elongated helix and a negatively
charged or polar side chain in the N-cap position of the
helix without the need to invoke a helix macrodipole
[24]. Indeed, Ser57 appears to occupy the N-cap
position in the conformers with an elongated helix 3
in phosphorylated VpUcyt as indicated by the stretch of
positive �δ 13C values between Ser57 and Leu64 which
marks the N-terminus of helix 3 in unphosphorylated
VpUcyt (Figure 4, middle panel).

Dynamic Characterization of VpUcyt by
1H–15N-hetero-NOE Data

The heteronuclear {1H}–15N NOE is a sensitive indicator
of local variations in protein backbone motions on the
pico- to nanosecond time scale. The overall isotropic
tumbling motion of a DPC micelle associated VpUcyt
protein should have a rotational correlation time of the
order of 9 ns [40]. If the complex tumbles as a rigid
unit lacking fast internal motions of protein backbone
N–H bond vectors, one should observe positive 1H–15N
NOEs close to the value of ∼0.8 representing the slow
motion limit [41]. Rapid internal motion will reduce the
size of the NOE that may become negative for highly
mobile residues exhibiting large amplitude motions on
a subnanosecond time scale [42].

We employed 1H–15N-hetero-NOE data [41] to analyze
the local mobility of VpUcyt in a residue specific
manner. Figure 5 shows 1H–15N NOEs of VpUcyt
backbone amides in the presence of DPC micelles both
with and without protein phosphorylation. In either
case, two regions with relatively large heteronuclear
NOEs are observed indicating reduced dynamics.
These regions include the location of helices 2 and
3 of VpUcyt. Residues at the C-terminus of VpUcyt
are highly flexible, while the backbone amides in
the loop region connecting the two helices exhibit
intermediate mobility. Interestingly, phosphorylation
of Ser53 and Ser57 causes a localized reduction
in mobility that is restricted to this interconnecting
loop region. Introduction of two bulky and charged
phosphate groups apparently restricts the ensemble
of conformations that are sampled by the loop,
perhaps due to electrostatic interactions and/or steric

Figure 4 Sketch of the secondary structure elements of
VpUcyt. Negative charges in the loop connecting the helices are
denoted by an encircled minus sign, the introduced phosphate
groups by an encircled P. Although monoanionic phosphate
groups are depicted, rapid interconversion between mono- and
dianionic forms of both phosphate moieties is very likely.
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hindrance. The localized change in mobility of residues
53 through 59 is clearly demonstrated by the difference
plot of the NOE values measured with and without
phosphorylation of VpUcyt, respectively (Figure 5,
lower panel). The phosphorylation-induced N-terminal
stabilization and/or extension of helix 3 discussed
above could be partially responsible for the reduced
mobility of the loop residues.

Altogether, phosphorylation of Ser53 and Ser57
does not cause pronounced structural changes of
the cytoplasmic domain of VpU in the presence of
membrane-like DPC micelles. This observation is in
contrast to a previous solution NMR study on structural
effects of phosphorylation in the shorter peptide
VpU(41–61) in water and in TFE solution by Coadou
and coworkers [19]. Their peptide contained the flexible

Figure 5 Effect of phosphorylation of Ser53 and Ser57
on the backbone dynamics of VpUcyt studied in detergent
micelles (100 mM DPC-d38) at 30 °C. Shown are steady-state
heteronuclear 1H–15N NOE data of unphosphorylated (top)
and phosphorylated (middle) VpUcyt. The lower panel displays
the difference between the two NOE data sets (phosphory-
lated – unphosphorylated state). Asterisks mark the position
of the phosphorylated Ser53 and Ser57. The most likely exten-
sion of helices 2 and 3 as derived from chemical shift analysis
is indicated by a gray background. No data could be obtained
for Arg45 and Val68 due to strong peak overlap and for residue
75, which is a proline.

loop region and parts of the flanking cytoplasmic helices
2 and 3. Only the unphosphorylated VpU(41–61)
but not the phosphorylated peptide exhibited helical
features at the C-terminus reminiscent of a fragment of
α-helix 3. Instead, a short β-strand was observed close
to the C-terminus of the phosphorylated peptide. The
authors proposed a conformational switch mechanism
for functional activation of VpU that is triggered by dual
serine phosphorylation [19].

Based on our study of the complete cytoplas-
mic domain of VpU in the presence of membrane-
mimicking micelles, we can clearly rule out drastic
phosphorylation-induced conformational changes such
as β-strand formation. Most likely, the small size of the
VpU(41–61) peptide and/or the solvent conditions used
in the study of Coadou and colleagues are responsible
for the apparent discrepancy with our observations.

Interestingly, a recent molecular dynamics simula-
tion on full length VpU in a lipid bilayer predicted that
phosphorylation of VpU reduces the helicity of several
residues at the termini of both helices 2 and 3 proxi-
mal to the loop region [21]. Although our data support
a slightly reduced helicity at the C-terminus of helix
2 after phosphorylation (cf the pronounced negative
�δ 13C values of residues 44 and 47 in the lower panel
of Figure 3), the experimentally observed N-terminal
extension of helix 3 is not in full agreement to the
prediction.

CONCLUSIONS

Phosphorylation of Ser53 and Ser57 of VpU has
only a very modest influence on the structure of
the cytoplasmic domain of the HIV-1 protein in a
membrane-like environment. Phosphorylation causes
a slight N-terminal stabilization and elongation of helix
3 that is accompanied by reduced mobility of residues
in the flexible loop connecting helices 2 and 3, and
perhaps a reduction of helicity at the C-terminal end of
helix 2. Phosphorylation of VpU does not cause drastic
structural changes but rather introduces epitopical
details that are essential for recognition of Vpu by
downstream effectors, like βTrCP.
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