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Abstract: HIV-1 Vpu and CD4(372–433), a peptide com-
prising the transmembrane and cytoplasmic domain of 
human CD4, were recombinantly expressed in Escherichia 
coli, uniformly labeled with 13C and 15N isotopes, and sepa-
rately reconstituted into phospholipid bilayers. Highly 
resolved dipolar cross-polarization (CP)-based solid-state 
NMR spectra of the two transmembrane proteins were 
recorded under magic angle sample spinning. Partial 
assignment of 13C resonances was achieved. Site-specific 
assignments were obtained for 13 amino acid residues of 
CD4(372–433) and two Vpu residues. Additional amino 
acid type-specific assignments were achieved for 10 
amino acid spin systems for both CD4(372–433) and Vpu. 
Further, structural flexibility was probed with different 
dipolar recoupling techniques, and the correct insertion 
of the transmembrane domains into the lipid bilayers was 
confirmed by proton spin diffusion experiments.
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Introduction
The T-cell coreceptor CD4 is a monotopic integral mem-
brane protein. Human CD4 comprises 433 amino acid 
residues. It consists of a large glycosylated N-terminal 
extracellular domain, a transmembrane (TM) helix 

spanning residues 373–395 and a small cytoplasmic 
domain containing residues 396–433 (Maddon et al., 1985, 
1987). In HIV-1 infection, CD4 serves as the main receptor 
for the virus on the surface of CD4-positive immune cells.

Vpu (Cohen et  al., 1988; Strebel et  al., 1988, 1989;   
Chengmayer et al., 1990; Klimkait et al., 1990) is a small, 
integral membrane protein encoded in the HIV-1 genome. It 
consists of 81 residues, comprising one TM helix (residues 
8–25) (Park et al., 2003, 2006a) and a cytoplasmic region 
(residues 26–81) that can be subdivided in a short stretch 
rich in basic amino acids and a very acidic cytoplasmic 
tail (residues 39–81). Two additional helices are formed in 
the cytoplasmic region of Vpu in the presence of a mem-
brane or a suitable membrane mimic (Ma et  al., 2002;  
Wittlich et al., 2009). However, the exact length and posi-
tion of these helices depend on the specific properties of 
the membrane and the HIV-1 strain-specific Vpu sequence. 
As an accessory protein, Vpu is not directly involved in the 
replication of the viral genome. Two major functions of 
Vpu in the viral life cycle have been identified (Schubert  
et  al., 1996a). First, it enhances the release of progeny 
virions from infected cells. Second, it is involved in down-
regulation of CD4 newly synthesized in the endoplasmic 
reticulum (ER) of HIV-1-infected cells (Dube et al., 2010).

Enhancement of virus release by Vpu has been dis-
cussed as a consequence of the ability of the TM domain 
of Vpu to form oligomeric, cation-selective ion channels 
in lipid bilayers (Maldarelli et  al., 1993; Schubert et  al., 
1996b; Cordes et al., 2002). Vpu was classified as a class 
IA viroporin (Fischer et al., 2012; Luis Nieva et al., 2012). 
Recently it was found that Vpu antagonizes tetherin, a 
cellular antiviral defense factor that cross-links budding 
virions to the host cell membrane and thus inhibits virus 
release (Neil et al., 2008; Van Damme et al., 2008).

Vpu-induced downregulation of CD4 is a multistep 
process that is initiated by physical binding of phospho-
rylated Vpu to CD4. The cytoplasmic domains of the two 
proteins have been implicated in this interaction (Bour 
et al., 1995; Margottin et al., 1996; Tiganos et al., 1997). 
Mutational studies indicated that certain regions in the 
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cytoplasmic domain of CD4 are crucial for Vpu binding: 
residues 414–419 as well as a putative α-helical struc-
ture in the membrane-proximal part of the cytoplas-
mic CD4 domain have been pointed out (Lenburg and 
Landau, 1993; Vincent et  al., 1993; Willey et  al., 1994; 
Yao et al., 1995).

Margottin et  al. (1996) used a Vpu(28–81) peptide 
and the cytoplasmic domain of CD4 in a yeast two-hybrid 
assay to explore the CD4-Vpu interaction. They observed 
that residues 28–47 and 76–81 of Vpu are involved in CD4 
binding, which are located in the cytoplasmic domain of 
Vpu. In the same report it was shown that CD4 degrada-
tion is abandoned if a Vpu double mutant lacking the 
two phosphorylation sites (S52N and S56N) is used in 
the assay. Tiganos et  al. (1997) coexpressed full-length 
Vpu and the cytoplasmic domain of CD4 in African green 
monkey kidney cells. This study indicated that residues 
30–50 in the cytoplasmic domain of Vpu are involved in 
the interaction with CD4.

Recent data suggest that residues in the TM domains 
of both Vpu and CD4 may also play an active role in the 
CD4-Vpu interaction (Magadan et al., 2010; Magadan and 
Bonifacino, 2012).

Studies with full-length Vpu and a CD4 fragment 
containing the TM and cytoplasmic domains, which were 
overexpressed in HeLa cells, indicated that two residues in 
the TM domain of Vpu, Val20, and Ser23, as well as Gly390 
in the TM domain of CD4, are involved in the interaction 
between CD4 and Vpu (Magadan and Bonifacino, 2012).

NMR spectroscopy may reveal structural information 
on a residue-specific level. Both Vpu(39–81), reflecting 
the C-terminal part of the cytoplasmic domain of Vpu  
(Wittlich et al., 2009) as well as a CD4 fragment compris-
ing the TM and the cytoplasmic domains of CD4, referred 
to as CD4(372–433) in what follows (Wittlich et al., 2007a, 
2010), were characterized by solution NMR spectros-
copy in the presence of detergent micelles. Further, the 
interaction between the cytoplasmic domain of Vpu and 
CD4(372–433) in micelles was analyzed by chemical shift 
perturbation and paramagnetic relaxation enhancement 
measurements (Singh et al., 2012). It was found that both 
helices in the cytoplasmic domain of Vpu are affected by 
CD4 binding and that Vpu binds to a membrane proximal 
region in the cytoplasmic domain of CD4. However, the 
affinity of CD4(372–433) for Vpu(39–81) in the micellar 
environment was unexpectedly low (Singh et al., 2012). A 
more realistic study of the CD4-Vpu interaction should be 
possible if both interaction partners (i) contain at least 
the TM and the cytoplasmic domain and (ii) are recon-
stituted in the same lipid bilayer membrane. The result-
ing proteoliposomes are too large for solution-state NMR 

studies. Solid-state NMR spectroscopy offers a viable 
alternative for investigations of membrane proteins 
reconstituted in native phospholipid bilayers (McDer-
mott, 2009; Marassi et al., 2011; Yang et al., 2011; Hong 
et al., 2012; Miao et al., 2012).

The structure, dynamics, and oligomerization of the 
TM domain of Vpu in lipid bilayers have been studied 
extensively with solid-state NMR spectroscopy (Sharpe 
et al., 2006; Park and Opella, 2007; Lu et al., 2010). Opella 
and coworkers determined the tilt and rotation angle of 
the TM helix of Vpu in mechanically aligned phospholipid 
bilayers (Park et  al., 2003; Park and Opella, 2005) and 
magnetically aligned phospholipid bicelles (Park et  al., 
2006a) of different hydrophobic thicknesses. Prelimi-
nary solid-state NMR spectra have been published by the 
Opella lab using chemically synthesized (Kochendoerfer 
et al., 2004) and recombinantly produced full-length Vpu 
(Cook et al., 2011).

Here we report the reconstitution of recombinantly 
expressed and uniformly 13C- and 15N-labeled full-length 
Vpu and CD4(372–433) into 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) bilayers and their initial 
characterization by magic angle spinning (MAS) solid-
state NMR spectroscopy.

Results and discussion

CD4(372–433) shows higher mobility in 
POPC bilayers than full-length Vpu

Either of the two uniformly 13C- and 15N-labeled proteins 
CD4(372–433) and full-length Vpu was reconstituted into 
POPC bilayers. The resulting proteoliposomes were lyo-
philized, packed into sample containers for MAS, and 
rehydrated moderately prior to the MAS solid-state NMR 
measurements.

The temperature of the gel-to-liquid crystalline-phase 
transition of POPC in the proteoliposomes was estimated 
based on series of 1D 1H MAS spectra recorded with a 
temperature increment of 5 K. The samples contained 
∼12 molecules of water per POPC and the molar lipid-to-
protein ratio was ∼87 in the case of Vpu or ∼73 in the case 
of CD4(372–433). 1H MAS spectra are dominated by the 
lipid and water signals, and pronounced line broadening 
is expected below the main-phase transition temperature 
(cf. Figure S1). The lipid phase transition occurred between 
-5°C and 0°C in both proteoliposome preparations. This 
agrees with the previously reported phase-transition 

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet | 134.94.119.122

Heruntergeladen am | 25.11.13 13:27



H.Q. Do et al.: Vpu and human CD4(372–433) in phospholipid bilayers      1455

temperature of -2.5°C for fully hydrated protein-free POPC 
liposomes (Litman et al., 1991).

In order to probe the mobility of the reconstituted 
proteins within the liposomes, 1D 13C MAS spectra of both 
samples were recorded using different mechanisms for 
polarization transfer from 1H to 13C spins. Dipolar cou-
pling-based CP (Hartmann and Hahn, 1962; Pines et  al., 
1973) is effective if the vector connecting the interact-
ing nuclei is restricted in mobility and correlation times 
of residual motions are above the millisecond range. In 
contrast, 1H-13C polarization transfer by insensitive nuclei 
enhanced by polarization transfer (INEPT) (Morris and 
Freeman, 1979; Burum and Ernst, 1980) is effective only 
if dipolar couplings are averaged out by large amplitude 
motions on time scales of  < 10-5 s (Andronesi et al., 2005; 
Yang et  al., 2011). Slower motions in the range between 
milliseconds and microseconds on the other hand can 
affect T1ρ relaxation and thus decrease the CP efficiency 
even if the amplitude of the motion is not large enough for 
isotropic averaging of the dipolar coupling (Fares et  al., 
2005; Sharpe et al., 2006).

CP-based 13C MAS spectra of proteoliposomes contain-
ing either CD4(372–433) or Vpu show 13C signals typical 
for proteins both above and below the lipid phase tran-
sition temperature (Figure 1). However, INEPT-based 
spectra display only signals from POPC acyl chains and 
head groups but no protein signals. This remains true 
even above the lipid phase transition (Figure S3). These 
observations indicate limited mobility of both proteins in 
the lipid membrane and at least partial immobilization of 

protein regions on the millisecond time scale at the given 
hydration level.

The intensity of all CP-based signals of CD4(372–
433) increases significantly upon decreasing the tem-
perature below the POPC gel-to-liquid crystalline-phase 
transition (Figure 1A, blue). However, the intensity of 
CP-based Vpu signals is already high in the liquid crys-
talline phase and increases only slightly in the lipid gel 
phase. This significantly different temperature depend-
ence of signal intensities of CD4(372–433) and Vpu was 
reproduced in double-quantum (DQ) SPC-5 spectra 
recorded at -20°C and 8°C (Figure S5.A). Signals from 
Gly, Ile, Val, Phe, and Leu residues, which constitute 
the major fraction of amino acids of the TM domain of 
CD4(372–433) (Figure S8), are significantly reduced at 
8°C (Figure S5.A, red). Further, CαCβ cross-correlations 
from amino acids Glu, Gln, Lys, His, Arg, and Thr, which 
are predominantly found in the cytoplasmic domain 
of CD4, are completely missing at 8°C. Upon lowering 
the temperature from 8°C to -20°C, the peak volumes of 
CD4(372–433) signals from hydrophobic residues domi-
nating the TM domain increase by a factor between 
5 and 13, while those from polar residues increase by 
a factor of 15 or more. In contrast, the DQ correlation 
(DQC) spectra of Vpu display strong cross-correlations 
not only for amino acids from the TM helix, but from all 
domains of Vpu even at temperatures above the lipid 
phase transition (Figure S5.B). Decreasing the tempera-
ture to -20°C causes only little further signal enhance-
ment by a factor between 1.1 and 1.7.

Figure 1 13C CP MAS spectra CP signals of uniformly labeled 13C, 15N CD4(372–433) (A) and full-length Vpu protein (B) in POPC bilayers.
The experiments were conducted for CD4(372–433) at temperatures of 5°C (red) and -20°C (blue) and for Vpu at temperatures of 8°C (red) 
and -20°C (blue). The spectra were recorded at a field strength of 14.1 T with a spinning speed of 8.0 kHz, 16 scans each. All spectra were 
processed with an exponential line broadening of 20 Hz.
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These results suggest that the cytoplasmic domain 
of CD4(372–433) in hydrated liposomes above the lipid 
phase transition temperature has a substantial degree 
of flexibility despite the rather low hydration level. 
However, the molecular fluctuations are either too slow 
or occur with an amplitude too small for isotropic averag-
ing of dipolar interactions on the NMR time scale ( < 10-5 s). 
Likewise, signals from the TM domain seem to be highly 
affected by mobility of the sample. For Vpu, in contrast, 
signals from residues of both domains are affected to a 
much lesser degree by slow motions. As already demon-
strated in 1975 (Cherry, 1975), membrane proteins in lipid 
bilayers may undergo fast rotational reorientation about 
the bilayer normal, which leads to a reduction of aniso-
tropic interactions by a factor of 0.5 (3cos2ϕ-1), where ϕ is 
the tilt angle of the long axis of the TM helix toward the 
bilayer normal (Lewis et  al., 1985). For the TM domain 
of Vpu, it could be demonstrated for various bilayer 
systems that the TM domain undergoes fast rotation 
about the bilayer normal, but not around the long axis 
of the helix (De Angelis et al., 2004; Park et al., 2006b). 
In the same set of studies, the Vpu TM domain has been 
shown to form at least transiently homo-oligomers, thus 
restricting the protein mobility at a given hydration level 
(Lu et al., 2010). However, in the case of CD4(372–433), 
additional motions of the TM helix within the bilayer 
may be possible. Further, the larger cytoplasmic domain 
of full-length Vpu may show stronger interactions with 
the bilayer surface than the TM domain of Vpu alone, 
which perhaps restricts domain mobility and thus leads 
to a reduced amplitude of slow motions. To further shed 
light on the dynamics of both membrane proteins, we 
recorded static 13C spectra of both compounds (Figure S4).  
Although the powder patterns of carbonyl 13C atoms, Cα, 
and aliphatic side chain resonances are heavily over-
lapped, some conclusions can be drawn from the sum 
of the powder patterns of the carboxyl carbon atoms. 
For Vpu, the powder pattern spans an area from roughly 
250  ppm to below 100 ppm, with a maximum at about 
195 ppm. These values are in close agreement with 
experimentally determined chemical shift anisotropy 
(CSA) powder patterns obtained on completely immobi-
lized model peptides (Wei et  al., 2001). Thus, our data 
suggest that for Vpu at the low hydration level, rotational 
averaging is to a large degree suppressed. For CD4(372–
433) the combined CSA powder pattern is much less 
resolved but clearly seems reduced with respect to the 
full powder pattern, and the same trend can be observed 
for the side-chain carbon atoms. These findings support 
the suspicion that CD4(372–433) in the given sample 
undergoes some rotational averaging of anisotropic 

interactions. Likewise, T1ρ values for 1H and 13C were sig-
nificantly reduced for CD4(372–433) in comparison to 
Vpu (Table S2).

Taken together, our data show that CD4(372–433) in 
POPC bilayers above the lipid phase transition tempera-
ture has a higher degree of flexibility than Vpu.

Resonance assignment of CD4(372–433)  
and Vpu protein in POPC bilayers

The first step toward structural information is residue-spe-
cific resonance assignment. Toward this goal, we recorded 
2D 13C/13C and 13C/15N correlation spectra of uniformly 13C- 
and 15N-labeled CD4(372–433) and Vpu. Although the line 
widths of 1–5 ppm, the unfavorable distribution of amino 
acid types, and the low dispersion of chemical shifts pro-
hibited a complete site-specific resonance assignment 
in both cases, 13 assignments for residues from the TM 
domain of CD4(372–433) and 2 site-specific assignments 
for Vpu could be obtained. Representative assignments of 
CD4 and Vpu are shown in Figures 2 and 3, respectively.

Figure 2 represents the overlay of two 2D 13C/13C corre-
lation spectra obtained with short (20 ms, black) and long 
(200 ms, gray) mixing times for proton-driven spin dif-
fusion (PDSD). Eight amino acid types, i.e., Ala, Val, Ile, 
Leu, Pro, Phe, Gly, and Ser, were identified via intraresi-
due cross peaks at the short mixing time (black spectrum), 
whereas the spin system of Arg could be identified in the 
spectrum recorded with a longer PDSD mixing time. The 
spinning speed was deliberately set to 12.5 kHz, which is 
close to the n = 2 rotational resonance condition between 
CO and Cα resonances. Thus, longitudinal magnetization 
exchange between CO and Cα of neighboring residues via 
the backbone is particularly favored for longer mixing 
times, and subsequent relay transfer to all other carbon 
atoms of the side chain gives rise to interresidual cross 
peaks mainly between residues adjacent to each other in 
the primary sequence (Seidel et al., 2004). For CD4, inter-
residue cross peaks (gray spectrum) were found between 
residue pairs such as Leu/Val, Leu/Ile, Leu/Phe, Ile/Gly, 
Gly/Val, Ala/Leu, Gly/Leu, and Val/Ala. Remarkably, pairs 
of neighboring Ala/Leu, Leu/Ile, Gly/Val, Val/Ala, and 
Leu/Phe occur only once in the amino acid sequence of 
CD4(372–433) (Figure S8). Consequently, the interresidue 
cross peaks were specifically assigned to amino acid pairs 
Ala373/Leu374, Leu374/Ile375, Gly379/Val380, Val380/
Ala381, and Leu385/Phe386. In addition, interresidue cross 
peaks in the 2D 15N/13C correlation spectrum (Figure S9)  
could be identified for the unique pairs Gly378/Gly379 
and Ile387/Gly388. Difference secondary chemical shift 
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Figure 2 2D 13C/13C correlation PDSD spectra of uniformly 13C, 15N labeled CD4 (372–433) in POPC bilayers.
The spectra were acquired at a field strength of 18.8 T with a spinning speed of 12.5 kHz. The 13C mixing times are 20 ms (black) and 200 ms 
(gray). The experiments were conducted at temperatures of 0°C and ∼-5°C for the black and gray spectra, respectively. The data were pro-
cessed using Lorentzian-to-Gaussian apodization with 100 Hz of Lorentzian line sharpening and 200 Hz of Gaussian line broadening prior 
to Fourier transformation.

Figure 3 2D 13C/13C correlation PDSD-RR spectra of the uniformly labeled 13C, 15N full-length Vpu protein in POPC bilayers.
The spectra were acquired at field strengths of 14.1 T (black) and 18.8 T (gray) with a spinning speed of 9.375 and 12.5 kHz, respectively. The 
13C mixing times are 10 ms (black) and 300 ms (gray). The experiment was conducted at a temperature of 0°C. Data were processed using 
Lorentzian-to-Gaussian apodization with 100 Hz of Lorentzian line sharpening and 200 Hz of Gaussian line broadening prior to Fourier 
transformation.

values Δδ (Luca et al., 2001) were derived from Cα and Cβ 
chemical shifts of these specifically identified residues, 
Ala373, Leu374, Ile375, Gly378, Gly379, Val380, Ala381, 

Gly382, Leu385, and Phe386, and turned out to be greater 
than 1.5 ppm, indicative of α-helical secondary structure 
(Figure S10).
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For the polar residues Glu, Gln, Lys, His, and Arg, 
which predominantly reside in the cytoplasmic domain 
of CD4(372–433), no amino acid type-specific resonance 
assignment could be obtained due to the extensive signal 
overlap of cross-correlation signals for these residues 
(indicated by a box in Figure 2). However, comparison of 
a DQC spectrum of CD4(372–433) in liposomes obtained 
at -30°C with carbon chemical shifts from solution NMR 
data of CD4(372–433) in detergent micelles (Wittlich et al., 
2007a, 2010) indicates that (i) all signals from the cyto-
plasmic part of CD4(372–433) in POPC bilayers can be 
observed at least at low temperatures in solid-state NMR 
spectra, (ii) no major shift changes between both sample 
preparations is observed, and (iii) the resolution for resi-
dues of the cytoplasmic domain is quite low in the frozen 
sample, which may be indicative of a high degree of con-
formational disorder in the frozen state.

For Vpu in POPC bilayers, two 2D 13C/13C correlation 
spectra recorded with a short (10 ms, black) and long (300 
ms, gray) PDSD mixing times are shown (Figure 3). The 
line widths of the overlapping cross peaks in Figure 3 are 
on the order of 1–5 ppm. Due to the rather large line widths, 
site-selective resonance assignments were not possible, 
except for the unique pair I28/E29. From the intraresidue 
cross peaks in the spectrum with short mixing time, spin 
systems for six amino acid types (Ala, Val, Ile, Leu, Pro, 
and Glu) could be identified. Interresidue cross peaks 
were observed for the pairs Ala/Leu, Ala/Ile, Ala/Val, 
Leu/Val, Ile/Leu, and Ile/Val. Each of the residue types 
Ala, Val, and Ile occurs five times in the 18-residue Vpu 
TM helix, and sequential pairs of these three residues are 
exclusively found in the Vpu TM domain. This allowed 
us to identify two Ala, one Ile, and one Val spin system 
which must reflect amino acids in the TM region of Vpu. 
Corresponding 13C chemical shifts were deduced from the 
well-resolved interresidue cross-correlations. The second-
ary chemical shift parameter Δδ was calculated for these 
four residues from their Cα and Cβ chemical shifts and all 
four values are highly positive ( > 1.5 ppm). This is in agree-
ment with an α-helical conformation of the TM domain of 
Vpu in POPC bilayers.

Cα/Cβ cross-correlations of the polar Vpu residues 
Glu, Gln, Arg, His, Trp, and Lys are present in the spectra 
(box in Figure 3) but are not resolved. 13C carbon shifts of 
the cytoplasmic domain of Vpu in the presence of deter-
gent micelles are available from liquid-state NMR (Wit-
tlich et  al., 2009). They reasonably well match many 
13C/13C correlations of Vpu in liposomes detected in the 
DQ correlation spectrum (DQS). This is particularly true 
for liquid-state NMR 13C shifts of residues Glu48, Arg49, 
Glu51, Glu56, Glu58, Gln61, Glu62, Glu63, Glu69, Arg70, 

His72, and Trp76. These observations suggest a similar 
secondary structure of the cytoplasmic domain of Vpu in 
the presence of micelles and in proteoliposomes.

Residue-specific assignments of 13C chemical shifts of 
CD4 and Vpu in liposomes are listed in Tables S3 and S5, 
respectively. Additional amino acid type-specific assign-
ments are summarized in Tables S4 and S6, respectively.

Topology of CD4(372–433) and Vpu in POPC 
bilayers

In order to check if the TM domains were correctly inserted 
into the lipid bilayer, we probed the topology of CD4(372–
433) and Vpu in POPC bilayers by 2D and 3D 1H,1H spin dif-
fusion experiments (Kumashiro et al., 1998; Huster et al., 
2002). Proton magnetization from mobile fractions of the 
sample (i.e., H2O and POPC acyl chains) is selected by a 
T2 relaxation filter (Kumashiro et al., 1998) and, after an 
evolution period, transferred to the protein via 1H spin 
diffusion and finally CP to 13C. Thus, a 1D 13C spectrum 
is correlated with each 1H chemical shift of surrounding 
water or acyl side chains. 3D HCC spectra correlating the 
1H chemical shift of the magnetization source with a 2D 
13C/13C correlation spectrum can be obtained by combining 
a proton dimension via PDSD with a 2D 13C/13C correlation 
spectrum (Kijac et al., 2010). As a result, subspectra of the 
protein are observed that are correlated with a specific 1H 
chemical shift (e.g., of water protons at ∼4.9 ppm or of CH2 
protons at ∼1.2 ppm). Importantly, the 1H nuclei giving rise 
to the 1H signal and the 13C nuclei of the protein observed 
in the 13C dimension(s) must be in close proximity for 
efficient polarization transfer. Thus, protein domains 
inserted into the lipid bilayer can be easily distinguished 
from water-accessible protein domains.

The optimal proton spin diffusion time was deter-
mined from magnetization build-up curves for different 
correlations in 2D experiments (Figure S12). In all cases, 
the build-up curves reached a plateau after ∼10 ms. To 
probe the topology of the Vpu and CD4(372–433), we chose 
proton spin diffusion times of 2–3 ms.

The TM domain of CD4(372–433) is inserted 
correctly in POPC bilayers

The high mobility of CD4 in proteoliposomes with a water-
to-lipid ratio of 12:1 leads to very poor intensities in water-
edited spectra acquired at a temperature above the lipid 
phase transition. Therefore, we used a different sample 
with a water-to-lipid ratio of ∼6:1, in which the protein 
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signals in CP and DQ spectra are significantly stronger due 
to reduced mobility of CD4(372–433) to probe the topol-
ogy of CD4(372–433) in POPC bilayers. Figure 4 shows a 
2D spectrum correlating the 1H signals of the water and 
the POPC acyl chains, respectively, with subsets of 13C 
signals of the protein. Comparison with a 1H,13C HETCOR 
spectrum of POPC liposomes (red spectrum in Figure 4) 
indicates that most 13C signals that are correlated with 1H 
resonances of the lipid acyl chains (blue spectrum) do not 
match 13C signals of POPC and thus must originate from 
CD4(372–433). Likewise, for the 13C signals correlated with 
the 1H chemical shift of water, at least some resonances in 
the Cα region can be identified that are not overlapping 
with lipid 13C resonances.

The 13C signals correlated with protons from the POPC 
acyl chains are reasonably well resolved, and chemical 
shifts can be assigned to the hydrophobic residues Ile, Val, 
Leu, and Ala, which constitute the major part of the TM 
domain of CD4. Furthermore, one cross peak at a 13C chemi-
cal shift in the range of 46–49 ppm, which matches the Cα 
chemical shifts of G378, G379, and G382, is identified only 
in the correlation with protons from the lipid bilayer, but 
not with water protons. As these three glycine residues are 
located in the TM helix of CD4(372–433), the 2D correlation 
suggests that the hydrophobic TM helix is inserted into the 
lipid bilayer and well shielded from the water.

In contrast, the 13C trace correlated with water protons 
appears much less resolved, showing peaks that are in 
agreement with Cα random coil chemical shifts of the 
polar residues Glu, Gln, Lys, His, Trp, and Arg, which con-
stitute the major fraction of the cytoplasmic domain. The 
rather broad and unresolved signals are also in agreement 
with a rather unstructured and flexible conformation of 

the cytoplasmic domain, as observed in the 2D 13C/13C cor-
relation spectra.

3D 1H/13C/13C correlation spectra of CD4(372–433) in 
POPC (Figure S13, C and D) confirm these findings: Cross 
peaks characteristic for the hydrophobic residues Val, Ile 
and Leu were identified in the 13C/13C plane of a 3D spec-
trum at the 1H chemical shift of the POPC acyl chains, 
whereas the 13C/13C plane correlated with the 1H chemical 
shift of water lacks well-resolved cross peaks.

The TM domain of Vpu inserts into the POPC 
bilayer, whereas the cytoplasmic domain is 
exposed to water

In Figure 5, two planes of a 3D HCC correlation spectrum 
of Vpu are shown, which display 2D 13C/13C correlation 
spectra correlated with the 1H chemical shifts of water 
(red) and the POPC acyl chains (black), respectively. The 
spectrum was recorded above the lipid phase transition 
temperature, the 1H,1H spin diffusion time was set to 3 
ms, which is well before the magnetization reaches equi-
librium throughout the sample. The 2D plane correlated 
with the 1H shift of the lipid hydrocarbon chain is domi-
nated by pronounced intraresidue cross peaks of spin 
systems reflecting the hydrophobic residues Ala, Ile, and 
Val. In addition, some interresidue cross peaks such as 
AlaCα-ValCα and IleCα-AlaCα could be observed. The TM 
domain of Vpu consists of 18 residues; the most abundant 
amino acids within this TM helix are Val (5), Ile (5), and 
Ala (5). Furthermore, two Ala/Val pairs and four Ala/Ile 
pairs, which may give rise to the interresidue cross peaks, 
are found exclusively in the TM helix (Figure S11). The 
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dominance of correlations from these three hydrophobic 
amino acids, in concert with the absence of clear indica-
tions of correlations reflecting polar amino acids in the 
13C/13C plane that is correlated to the POPC acyl chain 1H 
chemical shift, suggests that the TM domain of Vpu is 
correctly reconstituted into the hydrophobic core of the 
POPC bilayer, whereas the cytoplasmic domain of Vpu is 
excluded from the bilayer interior.

In the 2D plane correlated with the 1H chemical shift 
of water, cross peaks characteristic for Gly, Pro, and Arg 
could be clearly identified (Figure 5). NMR signals of car-
bonyl carbons (170–185  ppm in the ω2 dimension) and 
the area where cross peaks from the polar amino acids 
Glu, Gln, Arg, His, Lys, and Trp are expected (boxed in 
Figure 5) are drastically enhanced in the plane correlated 
with the 1H chemical shift of water. Amino acids of these 
types occur exclusively outside the TM domain of Vpu, 
i.e., either in the cytoplasmic or in the short extracellu-
lar domain preceding the TM helix (Figure S11). Our data 
reflect the water accessibility of the short N-terminal and 
cytoplasmic domains of Vpu.

Taken together, these results suggest that the cyto-
plasmic part of Vpu in POPC bilayers is accessible to 
water, whereas the TM region is located in the hydrocar-
bon chain region. The broad line widths of the observed 
NMR signals may indicate conformational disorder.

Conclusion
Recombinantly produced full-length Vpu and CD4(372–433) 
were reconstituted into POPC bilayers, and the conforma-
tion, mobility, and topology of these proteins were studied 
on an atomic level. We found that (i) the CD4 protein reveals 
higher mobility than Vpu in POPC bilayers under compara-
ble experimental conditions; (ii) in POPC lipid bilayers, the 
TM parts of CD4 and Vpu adopt an α-helical structure; (iii) 
these TM domains are correctly inserted into the hydropho-
bic core of the lipid bilayers; and (iv) the cytoplasmic part of 
Vpu in POPC bilayers is in close proximity to water.

Materials and methods

Sample preparation
Uniformly 13C- and 15N-labeled CD4(372–433) and full-length Vpu 
(HIV-1 strain HV1S1, Swiss-Prot accession number P19554) were ex-
pressed as ubiquitin fusion proteins in Escherichia coli C43(DE3) cells 
(BioCat GmbH, Heidelberg, Germany) at 37°C in M9 medium contain-
ing 13C-glucose (2 g/l) and 15N-ammonium chloride (1 g/l) (Eurisotop, 
Saarbrücken, Germany) as sole sources of carbon and nitrogen,  
respectively. The proteins were isolated and purified as described 
earlier by Wittlich et al. (2007b).
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Figure 5 Overlay of 2D 13C/13C planes from 3D 1H/13C/13C spectrum recorded with a T2 filter and 1H spin diffusion of liposome-reconstituted 
Vpu.
The planes display 2D carbon correlation spectra from protein parts close to free water (red) and lipid CH2 protons (black). The experiment 
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Proteoliposomes were prepared from POPC (Avanti Polar Lipids, 
Alabaster, AL, USA) and uniformly 13C- and 15N-labeled protein [either 
CD4(372–433) or Vpu] by the organic solvent-mediated reconstitution 
method developed by Cross and coworkers (Page et al., 2007). First, 
for each NMR sample, ∼3  mg of lyophilized protein was combined 
with ∼20  mg POPC in an organic solvent mixture containing 30% 
methanol and 70% chloroform. The lipid-to-protein molar ratio was 
estimated for each sample based on the individual amounts of POPC 
and protein used and was between 70:1 and 90:1. The organic solvent 
was removed by passing a stream of nitrogen gas over the sample in a 
glass test tube, leaving a dry lipid/protein film on the inner wall of the 
test tube. Second, the lipid/protein film was suspended in cyclohex-
ane. The sample was frozen in liquid nitrogen and lyophilized over-
night under high vacuum for complete removal of organic solvent. 
Third, fully hydrated proteoliposomes were obtained by suspending 
each POPC/protein sample (∼23 mg) in 490 μl of H2O supplemented 
with 10 μl of buffer (20 mm sodium phosphate, pH 7.4, 70 mm NaCl, 
0.02% NaN3). Samples were subjected to five freeze/thaw cycles us-
ing liquid nitrogen and a water bath at room temperature to improve 
sample homogeneity. Finally, samples were frozen in liquid nitrogen 
and lyophilized for 8 to 16 h, resulting in scarcely hydrated POPC/
protein mixtures. Each lyophilized lipid/protein sample was packed 
into a 3.2-mm rotor and between 2 and 5 μl of H2O was added. Prior 
to NMR experiments, samples in the sealed rotors spinning inside 
the MAS probe were cycled five times between -20°C and +8°C, i.e., 
temperatures below and above the main-phase transition of the lipid, 
respectively, in order to achieve sample homogeneity. The final water-
to-lipid molecular ratio in each sample was derived from the integral 
intensities of the 1H signals of H2O and of the choline methyl protons 
of POPC in 1D 1H NMR spectra recorded under MAS conditions.

MAS solid-state NMR experiments
All experiments in the present work were carried out on Varian (Var-
ian Inc., Palo Alto, CA, USA) VNMRS NMR spectrometers operating 
at field strengths of 14.1 and 18.8 T (corresponding to 1H Larmor fre-
quencies of 600 and 800 MHz), respectively. Triple-resonance 3.2 mm 
MAS probes tuned to either 1H/13C or 1H/13C/15N were used. Experi-
ments were performed at sample temperatures from -30°C to +8°C. 
Sample temperatures were indirectly determined with an accuracy 
of  ± 5°C for each spinning speed using nickelocene as an external ref-
erence (Heise et al., 2001). Initial excitation was achieved by CP from 
protons to 13C or 15N, employing radio frequency (rf) fields between 
51 and 60 kHz on 1H, between 38 and 45 kHz on 13C, and between  

39 and 45 kHz on 15N (Andrew et al., 1958; Lowe, 1959; Hartmann and 
Hahn, 1962; Pines et  al., 1973). Proton decoupling using the small 
phase incremental alternation (SPINAL) decoupling scheme (Fung 
et al., 2000) employing rf field strengths from 80 to 90 kHz was ap-
plied during acquisition and evolution periods. Proton spin diffusion 
experiments for determination of the topology (Kumashiro et  al., 
1998; Huster et al., 2002; Kijac et al., 2010) were acquired with T2 filter 
times of 100 and 240 μs and proton mixing times of 2 to 3 ms. Refo-
cused INEPT (Morris and Freeman, 1979; Burum and Ernst, 1980) was 
employed to probe rapidly tumbling protein domains. Static spectra 
were acquired with CP excitation and proton decoupling. 1H and 13C T1ρ 
measurements were performed at a spinning speed of 8 kHz with 13C 
detection, with a spin-lock pulse applied on 1H before or on 13C after CP 
transfer, respectively. Field strengths for the spin lock pulses were 30 
kHz on the 1H and 13 kHz on the 13C channel (with proton decoupling 
with a field strength of 76 kHz), respectively. For 2D 13C/13C correlation 
spectra, PDSD with mixing times from 20 to 300 ms (Bloembergen, 
1949; Szeverenyi et  al., 1982) was employed. DQ coherences for ac-
quisition of DQS were excited and reconverted with the Supercycled 
POST-C5 (SPC5) sequence (Hohwy et al., 1999). In addition, interresi-
due correlations were obtained from PDSD spectra recorded close to 
the CO-Cα rotational resonance (RR) condition, i.e., at rotor frequen-
cies of 9.375 kHz (14.1 T) or 12.5 kHz (18.8 T), respectively, with mixing 
times of 100–300 ms (Seidel et al., 2004).

NMR data were processed with the NMRPipe software (Delaglio 
et al., 1995) using Lorentzian-to-Gaussian, sine-bell, or exponential 
apodization. 13C chemical shifts were externally referenced using an 
adamantane sample. The upfield signal of adamantane was set to 
31.4 ppm on the DSS scale. 1H and 15N chemical shifts were indirectly 
referenced based on 13C shifts. Resonance assignments were per-
formed using the Sparky software (Goddard and Kneller).
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