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Abstract
The native environment for membrane proteins is the highly asymmetric phospholipid bilayer, and
this has a large effect on both their structure and dynamics. Reproducing this environment in
samples containing suitable for spectroscopic and diffraction experiments is a key issue, and
flexibility in sample preparation is essential in order to accommodate the diverse size, shape, and
other physical properties of membrane proteins. In most cases, in order to assure that the
biological activities are maintained, this means reconstituting the proteins in fully hydrated planar
phospholipid bilayers. The asymmetric character of protein-containing bilayers means that it is
possible to prepare either oriented or unoriented (powder) samples. Here we demonstrate the
equivalence of mechanical, magnetic, and what we refer to as “rotational alignment” of membrane
proteins in phospholipid bilayer samples for solid-state NMR spectroscopy. The trans-membrane
domain of virus protein “u” (Vpu) from human immunodeficiency virus (HIV-1) and the full-
length membrane-bound form of fd bacteriophage coat protein in phospholipid bilayers are used as
examples. The equivalence of structural constraints from oriented and unoriented (powder)
samples of membrane proteins is based on two concepts: (1) their alignment is defined by the
direction of the bilayer normal relative to the magnetic field and (2) they undergo rapid rotational
diffusion about the same bilayer normal in liquid crystalline membranes. The measurement of
angular constraints relative to a common external axis system defined by the bilayer normal for all
sites in the protein is an essential element of oriented sample (OS) solid-state NMR.
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Introduction
There are two broad categories of methods for determining the structures of proteins by
NMR spectroscopy. In oriented sample OS (oriented sample) solid-state NMR the
orientation dependence of the chemical shift and heteronuclear dipole-dipole interactions
associated with 1H, 13C, and 15N nuclei in labeled sites provide angular constraints for
structure calculations.1 In contrast, isotropic approaches have their roots in solution NMR of
liquids where the anisotropic properties of the spin-interactions are averaged out in proteins
undergoing rapid isotropic reorientation; however, variants can be applied to immobile,
unoriented proteins in MAS (magic angle spinning) solid-state NMR.2–6 The isotropic
approach works well for densely packed globular proteins and there are now examples of
structures that have been determined by both solution NMR and MAS solid-state NMR with
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similar results;6 although, notably, the structural resolution is improved by the inclusion of
anisotropic constraints in the calculations in both cases.

OS solid-state NMR can be performed on samples where there is uniaxial alignment of the
molecules relative to the direction of the applied magnetic field. It has its roots in solid-state
NMR of single crystals,7 and has been extended to aligned synthetic polymers,8

magnetically aligned virus particles,1 and both mechanically9,10 and magnetically11,12

aligned membrane proteins in phospholipid bilayers. OS solid-state NMR is particularly
well suited for proteins whose structures are not compact, are dominated by regular
secondary structure elements, and are generally not well suited for isotropic approaches.
Solid-state NMR spectra obtained on stationary oriented samples rely on the orientation
dependence of the anisotropic nuclear spin-interactions both for spectral resolution and as
the source of angular constraints as input for calculation of three-dimensional structures.

With the increase in attention to the structures of membrane proteins, there is a heightened
concern about the influence of the surrounding environment that may be provided by
detergents, unusual lipids, organic solvents, crystal packing, etc. Nonetheless, considerable
progress has been made in describing the structures of membrane proteins by a number of
methods despite these limitations and concerns. These include the early applications of
electron microscopy of tilted, unstained samples to identify the seven trans-membrane
helices of bacteriorhodopsin in its native purple membrane environment.13 As shown by a
variety of experimental measurements, the bacteriorhodopsin protein molecules are
constrained in this highly ordered environment containing di-phytanyl lipids.14, 15 However,
when the protein is purified and reconstituted into bilayers consisting primarily of
phosphatidyl choline lipids, it undergoes rapid rotational diffusion about the bilayer normal
at temperatures above that of the gel to liquid crystalline phase transition temperature of the
lipids.16,17 Taken together, these early studies of bacteriorhodopsin demonstrated that fast
rotational diffusion of membrane proteins about the bilayer normal depends on lipid
composition and temperature, although these factors may be mainly affecting the
aggregation state of the protein rather than directly the energetics of the rotational diffusion.
Hong and coworkers18 have shown that the rate of rotational diffusion of a small membrane
protein can be significantly modulated by lipid composition. Similarly, we have shown that
the rate of rotational diffusion of filamentous bacteriophage particles is dramatically affected
by both the concentration19 and pH of the solution20. More typically for membrane proteins
in phospholipid bilayers, the rate of rotational diffusion about the bilayer normal can be
switched between frequencies that are “slow” or “fast” on the relevant NMR timescales by
changing the temperature between values that are below or above, respectively, the gel to
liquid crystalline phase transition temperature of the dominant lipid species. And this is the
principal comparison made in the examples presented here, as in the initial example of
bacteriorhodopsin in DMPC bilayers.15

Because of the difficulty of applying nearly all methods of structure determination to
membrane proteins in phospholipid bilayer environments where they exhibit their natural
mobility, including rapid rotational diffusion about the bilayer normal, compromises in the
sample conditions have had to be made in order for the field to move forward. Although the
initial 7 Å resolution map of bacteriorhodopsin was obtained in the natural environment of
the purple membrane using electron microscopy on unstained specimens, 13 by operating
under cryo-electron microscopy conditions and using chemical derivatives the resolution
was improved to 3.5 Å.22 Notably early atomic-resolution structures of membrane proteins
were obtained using purified proteins crystallized from detergents with the x-ray diffraction
performed at cryogenic temperatures.23–24 The crystal structure of bacteriorhodopsin
ultimately refined to 1.55 Å resolution with this approach.25 Recently, there has been a great
deal of interest in using lipid cubic phases (LCP) for crystallography of membrane
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proteins,26 although these too are limited by the lack of a planar bilayer environment and the
cryogenic conditions of the data collection. Although it is possible to crystallize membrane
proteins in bicelles at room temperature, 27 their organization and bilayer characteristics are
highly temperature dependent, and the data are collected under cryogenic conditions.

Complementary methods of the structure determination are being developed and applied to
membrane proteins, some of which have the potential to approach atomic resolution,
including electron crystallography of two-dimensional crystals, 28 single particle image
reconstruction,29 and atomic force microscopy (AFM).30 While these techniques vary in the
details of the samples and their resolution, none of them provide experimental conditions
compatible with fast rotational diffusion about the bilayer normal that has been observed in
liquid crystalline bilayer samples by a variety of methods for a membrane proteins with a
range of sizes.14–17 Although fast rotational diffusion is not demonstrated to be a universal
property of all membrane proteins, it is clearly present in many of the examples examined
and is likely to be fundamental to their adopting their native, functional conformations.
Several theoretical approaches are being developed and applied in order to understand and
predict the rates of diffusion of membrane proteins about the bilayer normal in liquid
crystalline phospholipid bilayers31–34 by taking into account the viscosity of the bilayer
environment, the size, and shape of the proteins. In general, these calculations are
complicated by the presence of both lateral and rotational diffusion of the membrane
proteins35–36 and interactions among the same and different proteins and other cellular
components present in membranes. With the immediate goal of determining the structures of
purified proteins in lipid bilayers, their rotational diffusion plays an integral role in the
experimental studies and their interpretation.

At present, solid-state NMR spectroscopy is the only method capable of high-resolution
studies of membrane proteins in liquid crystalline phospholipid bilayer environments that
are compatible with the global rotational diffusion and local motions.38,39 The term “high-
resolution” refers to three distinct aspects of the method. The most conventional meaning is
that signals from individual atomic sites are resolved. The second is the measurement of
spectral parameters, typically the frequencies of resonances or the splittings between
doublets that reflect the angular dependence of a single nuclear spin-interaction with respect
to a common external axis, defined by the direction of the applied magnetic field or of fast
rotational diffusion. And the third is the precision and accuracy of the structures that are
calculated from the angular constraints gleaned from these measurements, largely because
the measurements are made relative to the same external axis and errors do not accumulate.

In NMR spectroscopy the experimental data reflect both time-average (structure) and time-
dependent (dynamic) properties; thus the timescales and directions of the global and local
motions are intrinsic to the approach. Most previous studies have focused on the effects of
backbone and side chain motions of individual residues on the spectra, their possible
influence on the structure calculations, and their implications for the functions of the
proteins. In this article, we focus on the influence of global rotational diffusion of membrane
proteins about the bilayer normal, not only to understand its effects on the structure and
functions of the proteins, but also with the goal of exploiting this fundamental property of
membrane proteins to expand the repertoire of solid-state NMR spectroscopy.

The basic features of mechanical and “rotational alignment” of bilayers were first
demonstrated by McLaughlin and coworkers40 with 31P NMR spectra of oriented and
unoriented samples of phospholipids, which themselves undergo rapid rotational diffusion
about the bilayer normal. Griffin and coworkers15 showed that the 13C NMR spectra of
unoriented bacteriorhodopsin labeled with 13C in some backbone carbonyl sites could be
used to monitor the global rotational diffusion of the protein in unoriented bilayers; at
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temperatures below the gel to liquid crystalline transition of the lipids the protein is
immobile on the relevant NMR timescales and the full frequency span and asymmetry of the
carbonyl 13C chemical shift tensor are observed; at higher temperatures the protein
undergoes rotational diffusion that is rapid enough to yield a motionally averaged powder
pattern with dramatically reduced frequency span. By itself, the observation of narrow
single-line resonances in the spectra from protein-containing bilayers oriented perpendicular
to the magnetic field (Figure 1B and E) demonstrates that both of these proteins undergo
rapid rotational diffusion about their bilayer normals. Similar observations have been shown
in G-protein coupled receptors. Rhodopsin37 and CXCR141, which like bacteriorhodopsin
have seven trans-membrane helices, undergo rapid rotational diffusion about the bilayer
normal under similar conditions. Even more convincing are ‘tilted coil’ experiments where
single-line resonances are observed over the full range of orientations of the bilayer normals
with respect to the magnetic field.42

Other solid-state NMR studies of powder patterns averaged by the axial diffusion of
membrane proteins have mainly focused on determining the orientations of their secondary
structure in unoriented samples.43–45 In contrast, we focus on demonstrating the equivalence
of angular constraints measured from resolved resonances from single sites in mechanically
or magnetically aligned samples and from the frequency associated with the parallel edge of
the powder pattern from the same sites in unoriented samples where the proteins undergo
rapid rotational diffusion. The goal is to complete structure determination based on
measurements from individual backbone and side chain sites.

The rotational diffusion of membrane proteins has the potential to merge OS solid-state
NMR and MAS solid-state NMR experimental methods, enabling the complementary use of
aligned and unoriented samples, and increasing the potential for synergy between the
isotropic and anisotropic nuclear spin interaction approaches to protein structure
determination. This is feasible because the same rotationally averaged powder patterns
observed in stationary unoriented samples can be measured in MAS solid-state NMR spectra
of unoriented samples. Here we use the spectral parameters associated with the 15N
chemical shift and 1H-15N dipolar couplings in specifically labeled backbone and side chain
sites of two different membrane proteins to illustrate the equivalence of mechanical and
magnetic uniaxial alignment of protein-containing bilayers and “rotational alignment” of the
membrane proteins resulting from their rapid rotational diffusion about the bilayer normal in
unoriented samples when the temperature is higher than that of gel to liquid crystalline
transition for the phospholipids. Because the resonance frequencies are determined by the
orientations of functional groups (chemical shift) or chemical bonds (dipole-dipole
coupling) relative to a single axis defined by the direction of the magnetic field or by
rotational diffusion about the bilayer normal (in practice, these are the same axis), the
protein structure is mapped onto the resulting spectra by the anisotropy of the spin
interactions. 46–50 It is therefore feasible to determine the three-dimensional structure of a
protein by relying only on the angular dependence of these two spin-interactions.12

The three-dimensional backbone structures of the membrane proteins shown in Figure 1
were determined in aligned phospholipid bilayers by OS solid-state NMR spectroscopy. The
samples were obtained by expression in E. coli, enabling selective (by residue type) and
uniform labeling with 15N. The trans-membrane channel-forming domain of the protein Vpu
from HIV-1 (Figure 1A) has 36 residues. Its structure has been determined in several
different mechanically and magnetically aligned lipid bilayer environments,51,52 and the tilt
angle of the trans-membrane helix displays an exquisite sensitivity to the hydrophobic
thickness of the bilayers.53 The structure of the membrane-bound form of fd coat protein
shown in Figure 1D has been determined in mechanically aligned phospholipid bilayers,54

as well as the assembled virus particles.55 This protein has 50 residues and includes a
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hydrophobic trans-membrane helix and an in-plane amphipathic helix connected by a very
short linker. These proteins serve as convenient systems to illustrate the spectroscopic
principles of OS solid-state NMR, especially since it is possible to prepare samples with
only one or two sites labeled with 15N. The spectroscopy is equally applicable to larger
membrane proteins with multiple trans-membrane helices because they also undergo rapid
rotational diffusion about the bilayer normal, although multidimensional experiments at high
magnetic fields are essential to resolve individual resonances in uniformly labeled proteins.

Experimental Section
Protein preparation

The trans-membrane domain of Vpu used in the experiments has the sequence
QPIQIAIVALVVAIIIAIVVWSIVIIEGRGGKKKK. Except for the six additional residues
GGKKKK added to the C-terminus to facilitate purification and sample handling residues,
the sequence corresponds to the trans-membrane domain from native Vpu of BH10 isolate.
The protein was expressed as a fusion with Keto Steroid Isomerase and purified as
previously described by RP-HPLC,32 after which the fractions containing pure polypeptide
were pooled. The organic solvents and trifluoroacetic acid were removed by flowing
nitrogen gas, and then the sample was lyophilized repeatedly from water, and stored as a
powder at −20°C before being reconstituted into the various lipid preparations.

The Y21M mutant of the major coat protein of fd bacteriophage used in the experiments has
the sequence AEGDDPAKAA FDSLQASATE MIGYAWAMVV VIVGATIGIK LFKKF
TSKAS. The coat protein was purified by RP-HPLC after dissolution of the bacteriophage
particles in a solvent (50% trifluoroethanol, 49.9% H2O, 0.1% trifluoroacetic acid). The
purified protein was lyophilized and stored as a powder at − 20°C before being reconstituted
into the various lipid preparations.

Unoriented proteoliposomes
The trans-membrane domain of Vpu and fd coat protein powders were dissolved in
trifluoroethanol and the appropriate lipids in chloroform, which were then mixed. The lipids
were purchased from Avanti Polar Lipids (Alabaster, AL). The solvents were removed and
the protein-containing bilayers were lyophilized, redissolved in excess water, adjusted pH,
and then spun down by ultracentrifugation at 300,000 g for 2 hrs at 15°C. The resulting,
fully hydrated pellet was used as the sample for the unoriented NMR experiments.

Mechanically aligned bilayers
Oriented samples of 15N-labeled peptides in hydrated lipid bilayers between glass plates
were prepared as previously described.,56 For trans-membrane domain of Vpu, 75 mg of
lipid mixture (9:1, DOPC:DOPG, w/w) was dissolved in 300 μl chloroform and mixed with
3 mg of peptide dissolved in 300 μl trifluoroethanol. The peptide/lipid mixture was spread
onto 15 glass slides. For fd coat protein, proteoliposome in cholate buffer was prepared at a
protein/lipid molar ratio of 1.2:100 and contained 16 mg of coat protein and 170 mg of lipid
mixture (POPC:POPG) in a molar ratio of 8:2. The proteoliposome was spread onto 40 glass
slides. The samples in stacked glass slides dried completely by using a vacuum pump, and
then hydrated to 95% of relative humidity. The samples were sealed with a polymer wrap
and placed into the coil of the NMR probe.

Magnetically aligned bilayers
The methods for the preparation of magnetically aligned protein-containing phospholipid
bilayers have been previously described in detail.57 Briefly, both Vpu trans-membrane
domain and fd coat protein were solubilized in short chain phospholipid DHPC (1,2-
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dihexanoyl-sn-glycero-3-phosphocholine) or its ether-linked equivalent 6-O-PC and then
mixed with an aqueous solution containing DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) or its ether-linked equivalent 14-O-PC. The DMPC:DHPC ratio was 3.2
(q=3.2), and the samples were all maintained at 40°C for the NMR experiments.

Solid-State NMR spectroscopy
The stationary sample experiments were performed on a Bruker 700 MHz spectrometer with
a homebuilt probe with a solenoid coil double-tuned to the 1H and 15N resonance
frequencies. The magic angle spinning experiments were performed on a Bruker 750 MHz
spectrometer with a Bruker triple-resonance MAS probe.

The one-dimensional 15N chemical shift spectra were obtained by cross-polarization with a
mix time of 1 ms, recycle delay of six seconds, and 50 kHz RF field strength on both the 1H
and 15N channels. Conditions for two-dimensional PISEMA58 (polarization inversion spin
exchange at the magic angle) experiments were as described.53,54 The number of t1
increments varied between 32 and 64. The signal was acquired with 256 transients for each
t1 increments. The data were zero filled in both the t2 and t1 dimensions, yielding a
1024x1024 real matrix. A 30° phase shifted sine bell multiplication followed by 100 Hz of
exponential multiplication was applied in t1.

The 15N chemical shifts in the Figures are externally referenced to 15N labeled ammonium
sulfate at 26.8 ppm. The NMR data were processed using the program NMRPipe/
NMRDraw.59

Results
The atomic-resolution structures of the 36-residue oligomeric trans-membrane domain of
Vpu51,52 (Figure 1A) and that of the 50-residue full-length membrane-bound form of fd coat
protein54 (Figure 1D) have been determined by OS solid-state NMR spectroscopy. The one-
dimensional 15N solid-state NMR spectra shown in Figure 1 were obtained from samples of
uniformly 15N labeled proteins in magnetically aligned DMPC:DHPC (q=3.2) bilayers. All
four spectra consist primarily of resolved or partially overlapped single-line resonances from
backbone amide sites, although a few distinctive signals from side chain nitrogen sites are
also present, such as from the amino groups in lysine residues and the N-terminus near 40
ppm. The backbone amide sites that contribute the vast majority of resonances in these
spectra have substantial 1H-15N heteronuclear dipole-dipole couplings. Irradiation at the 1H
resonance frequency during data acquisition provides the heteronuclear decoupling
necessary to observe narrow 15N resonances, and the 15N signals themselves result from
Hartmann-Hahn matched spin-lock cross-polarization60 that relies on the presence of these
same dipole-dipole couplings to effect transfer of magnetization from 1H to 15N.

Aligned vs. unoriented samples
The spectra in Figures 1B and 1E were obtained from samples of protein-containing bilayers
with their normals aligned perpendicular to the direction of the applied magnetic field. In
contrast, the spectra in Figures 1C and 1F were obtained from the same samples except that
their bilayer normals were aligned parallel to the direction of the field as a result of
‘flipping’ the bilayers by the addition of lanthanide ions.61 Parallel alignment can also be
obtained by using different long chain phospholipids.62 Notably, the frequency spans of the
spin-interactions, in this case the 15N chemical shift, are twice as large in the parallel
alignment compared to that observed in the perpendicular alignment; they are also reversed
relative to their isotropic chemical shifts.
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The structures of membrane proteins are affected by their environment; most obviously, the
tilt angles of trans-membrane helices reflect the hydrophobic thickness of the phospholipids
that constitute the planar bilayers.53 The experimental results presented in the Figures were
obtained on samples with bilayers consisting of several different long chain phospholipids;
consequently, there are minor discrepancies in some of the experimental comparisons that
are explained by the expected differences in protein structure due to the different
hydrophobic thicknesses and/or order parameters of the phospholipids in the bilayers.

Although the spectra of the uniformly 15N labeled samples have been fully resolved and
assigned using multidimensional experiments, by using samples where the proteins are
isotopically labeled in only one or two specific sites, the essential features of the NMR
spectra can be elucidated by direct comparisons between spectra obtained from oriented and
unoriented samples. The trans-membrane domain of Vpu is well-characterized. 51–53 This
36-residue polypeptide contains one leucine residue at position 11 that is specifically labeled
through biosynthetic incorporation of 15N-leucine from the growth media. Leu11 is located
within the hydrophobic trans-membrane helix, and is fully representative of the
spectroscopic, structural, and motional features of this helix. The 15N NMR spectrum in
Figure 2A was obtained from an unoriented sample of 15N - Leu11 labeled Vpu TM domain
in DMPC bilayers in their gel phase. The spectrum is a powder pattern with a span of about
170 ppm, which is typical of an immobile 15N backbone amide site in a protein. The
spectrum of the same sample in the liquid crystalline phase of the phosphopholipids (Figure
2B) is also a powder pattern, but it is axially symmetric with a reduced span due to motional
averaging by fast rotational diffusion about the bilayer normal.

The aligned sample with its bilayer normal parallel to the field (Figure 2C) is a single-line
resonance with the same frequency as the parallel edge of the motionally averaged powder
pattern in Figure 2B. Similarly, the aligned sample with its bilayer normal perpendicular to
the field (Figure 2D) has the same resonance frequency as the perpendicular edge of the
motionally averaged powder pattern. The spectra in Figure 2 demonstrate that the
orientationally-dependent 15N chemical shift frequency from the backbone amide of Leu11
can be determined from measuring the edges of the powder pattern in Figure 2B or from the
resonance frequencies from the aligned samples in Figure 2C and D. Notably, the frequency
edges of the powder pattern are measured from an unoriented bilayer sample, and the single
resonance frequencies are measured from magnetically aligned bilayer samples. The slight
difference in the chemical shift frequency between the parallel edge of the powder pattern
for the unoriented sample and the single-line resonance of the oriented sample is due to the
slight decrease in order parameter of the oriented sample compared to the unoriented sample
due to the addition of DHPC to the lipids.

The results shown in Figure 3 were obtained on a sample of the membrane-bound form of fd
coat protein labeled in its two leucine sites with 15N; Leu 41 is in the hydrophobic trans-
membrane helix and Leu 14 in the amphipathic in-plane surface helix. The spectra in Figure
3 demonstrate the equivalence of results obtained from proteins in mechanically aligned
bilayer samples and in unoriented samples that undergo rapid rotational diffusion about the
bilayer normal. The structure of this protein in Figure 1D shows that the backbone amide
sides of these two leucine residues are approximately orthogonal to each other because of
the arrangement of the protein in the bilayer. The spectrum in Figure 3A is of the 15N Leu
labeled coat protein in DMPC bilayers in their gel phase at a relatively low temperature, and
corresponds to a powder pattern for an immobile 15N amide site in a protein. Both of
the 15N Leu amide sites appear to have similar chemical shift tensors as expected for
residues in α-helices, and can not be differentiated in the powder pattern spectrum in Figure
3A. However, they can be differentiated in the motionally averaged powder pattern in Figure
3B, which was obtained in the liquid crystalline phase of the phosphopholipids at a higher
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temperature where the protein undergoes rapid rotational diffusional motion about its bilayer
normal. The difference between the static and rotationally averaged powder patterns in
Figure 3A and B is striking. Not only is the span of the powder pattern from Leu 41
significantly reduced, but also the powder pattern from Leu 14 is changed in sign and even
further reduced in span. The experimental motionally averaged overlapping powder patterns
in Figure 3B are simulated in Figure 3D. The results are in complete agreement with the
previously measured frequencies of the single line resonances observed from a mechanically
aligned sample.56 As shown in Figure 3C, the chemical shifts of their 15N resonances are
separated by 76 ppm in a mechanically aligned sample with its bilayer normal parallel to the
direction of the magnetic field. The spectra in Figure 3B and 3C of the membrane-bound
form of fd coat protein, demonstrate that these two amide sites have very different
orientations relative to the direction of the applied magnetic field and to the bilayer normal.
The parallel edge of the rotationally averaged axially symmetric 15N chemical shift powder
patterns corresponds to the single frequency of the aligned sample with the bilayer parallel
to the direction of the magnetic field for both 15N sites.

MAS solid-state NMR spectra
Identifying the parallel and perpendicular edges of the motionally averaged powder pattern
in a stationary unoriented sample is generally feasible when only one site is labeled, as
shown in Figure 2. In a very favorable case, such as that shown in Figure 3, it is possible to
do this with two labeled sites. However, this approach is clearly limited to very few sites.
With the goal of studying proteins isotopically labeled in many sites, including uniformly
labeled proteins, it is essential to disentangle the many overlapping powder patterns using
MAS solid-state NMR, as has been demonstrated for uniformly labeled polycrystalline
proteins6. Here we utilize proteins with one or two labeled sites to demonstrate the
feasibility of observing both static and rotationally averaged powder patterns in a membrane
protein in phospholipid bilayers.

The experimental MAS solid-state NMR spectra in Figure 4 are from the same unoriented
sample of 15N-Leu labeled Vpu TM domain used to generate the data in Figure 2. The
spectra were obtained under conditions of relatively slow magic angle spinning so that a
sufficient number of spinning sidebands would have measurable intensities in order to
reconstruct the underlying powder patterns. This was done under static conditions (low
temperature) in Panels A and B and while the protein is undergoing rapid rotational
diffusion (high temperature) in Panels C and D. The data in Figure 4 were obtained at two
different spinning frequencies. The spectra in panels A and C were obtained at a spinning
rate of 2.2 kHz, and those in panels B and D at a spinning rate of 3.0 kHz. In each panel of
the Figure, there is from top to bottom, a reconstructed powder pattern generated from the
experimental sideband intensities at the bottom of the panel. The experiments performed at
two different spinning rates give essentially identical results. The middle spectrum is back
calculated from the powder pattern at the top that was derived from the experimental side
band intensities observed in the bottom spectrum; the comparison of the sideband intensities
in the middle and bottom spectra in each panel provides a measure of the accuracy of the
method. The results shown in Figure 4 demonstrate that MAS solid-state NMR of
unoriented samples can measure the parallel and perpendicular edges of motionally averaged
powder patterns. And comparison to the data in Figure 2 demonstrates that these frequencies
are the same as those measured from stationary aligned and unoriented samples.

Two-dimensional solid-state NMR spectra
In order to characterize protein secondary structure through the observation of regular
spectral patterns, such as PISA wheels and Dipolar Waves, and ultimately to calculate the
three-dimensional structures of proteins, at least two orientationally dependent frequencies
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are needed for each backbone site. In most applications to proteins, these have been from
the 15N chemical shift and the 1H-15N heteronuclear dipolar coupling,12 but they can also
come from 13C labeled sites in 1H/13C/15N triple-resonance experiments.63 In general, two-
dimensional experiments are required in order to measure two frequencies from two
different spin-interactions in both MAS and stationary samples.

Under fast MAS conditions, the center band at approximately 120 ppm, which corresponds
to the isotropic chemical shift frequency, is the only observable signal from the single 15N-
Leu labeled site in the Vpu trans-membrane domain. The associated 1H-15N heteronuclear
dipolar coupling can be measured using the cross-polarization build-up under Lee-Goldburg
conditions to provide selectivity.64,65 These data are shown in Figure 5 for a static sample
measured at 5°C (Figure 5A) and a rotationally averaged sample measured at 30°C (Figure
5B). The large center band results from the initial part of the buildup being linear, however,
there are sufficient oscillations in the build up curve to provide the doublet used to measure
the magnitude of the dipolar coupling following Fourier transformation. In a simple way, the
reduction of the 1H-15N heteronuclear dipolar coupling from a static protein at low
temperature to one undergoing fast rotational diffusion at a higher temperature can be used
to measure the angle between the N-H bond and the bilayer normal in an unoriented sample.

Two-dimensional SLF (separated local field spectroscopy)66 is a powerful approach to
structure determination of uniaxially aligned samples.8 High resolution versions of the
experiment, such as PISEMA,58 enable the resolution and assignment of signals from
essentially all of the backbone sites in uniformly 15N labeled proteins,56 and the
simultaneous measurement of the orientationally-dependent 15N chemical shift and 1H-15N
heteronuclear dipole-dipole coupling frequencies associated with each resonance provides
sufficient angular constraints to calculate the three dimensional structures of proteins.54 In
the spectra in Figure 6 obtained from mechanically aligned samples of 15N-Leu labeled
trans-membrane domain of Vpu, the long chain lipid is DOPC:DOPG (1,2-dioleoyl-sn-
glycero-3-phosphocholine: 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol), hence the
trans-membrane helix has a smaller tilt angle than in the thinner DMPC bilayers used for the
magnetically aligned samples in Figure 2. Nonetheless, the close similarity, and completely
predictable differences, of the chemical shift and heteronuclear dipolar coupling frequencies
demonstrate the equivalence of the data that can be obtained with mechanically and
magnetically aligned protein-containing bilayer samples. In addition the comparison
between Figure 6A where the bilayer normal is parallel to the field and Figure 6B where it is
perpendicular, show that there is a factor of two difference in the magnitude of the dipolar
couplings and an equivalent different in the chemical shifts. However, the same angular
measurements come from both spectra.

Example of Trp 26 of fd coat protein in phospholipid bilayers
The single tryptophan in fd coat protein (residue 26) has two nitrogens; one is an indole
nitrogen in the side chain and the other is the backbone amide nitrogen. The spectral
properties of these two sites provide an opportunity to demonstrate the equivalence among
all of the solid-state NMR approaches to structure determination discussed individually with
the data in Figures 1 – 6. The structure of the membrane-bound form of fd coat protein,
including the backbone and side chain of Trp-26 has been determined in mechanically
aligned phospholipid bilayers between glass plates.54

The resolution between the two nitrogen resonances in the fast MAS solid-state NMR
spectrum in Figure 7A results from the difference in their isotropic chemical shifts, and they
can be assigned on the basis of the well-established indole and amide nitrogen chemical shift
data. The experimental spectrum in Figure 7E was obtained with slow magic angle spinning;
it retains the resolution of the two lines as reiterated in the spinning sidebands whose
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intensities reflect the chemical shift anisotropy powder patterns of the indole and amide
nitrogen sites. The sidebands for the two sites are distinguished by blue dots (amide
backbone) and red dots (indole side chain). As demonstrated in Figure 4, the intensities of
the sidebands enable the underlying chemical shift powder patterns to be reconstructed. The
rotationally averaged powder patterns for the backbone amide nitrogen (Figure 7C (blue))
and the side chain indole nitrogen (Figure 7D (red)) are aligned above the corresponding
experimental spectrum obtained from a uniformly 15N labeled oriented sample (Figure
7G).34

The parallel edges of the rotationally averaged powder patterns calculated from the spinning
sideband intensities are marked with vertical dotted lines. The same chemical shift
frequencies are measured from the parallel edges of the motionally averaged powder
patterns (Figure 7C and 7D) and the oriented sample spectrum in Figure 7G. To simplify the
comparisons, the experimental resonances assigned to Trp 26 in the spectrum of the
uniformly 15N labeled sample are simulated as two “dots” with the same frequencies as in
the experimental spectrum in the two-dimensional spectral representation in Figure 7F. The
vertical dotted blue and red lines demonstrate that the same frequencies can be measured
from the parallel edge of the motionally averaged chemical shift powder patterns (Figure 7C
and 7D) and from the frequencies of the single line resonances observed in the spectrum of
an oriented sample (Figure 7F and 7G).

The fast MAS solid-state NMR spectrum in Figure 7A has two resonances that directly yield
the isotropic chemical shift frequencies of the indole and amide nitrogen sites of Trp 26 in
the protein. However, these resolved resonances also enable the measurement of the
motionally averaged 1H-15N heteronuclear dipole-dipole couplings, as demonstrated in
Figure 5. Here too we utilize the oscillations in the cross-polarization build up curves
observed under Lee-Goldburg irradiation conditions. Fourier transformation of the build up
curves for the two resolved isotropic resonances in Figure 7A results in the two-dimensional
spectrum in Figure 7B. The dotted horizontal lines show that the frequencies correspond to
those in Figure 7F. These results demonstrate that MAS experiments can be used to
characterize the rotationally averaged frequencies that correspond to the mechanically
aligned frequencies using unoriented samples where the sites are resolved by their isotropic
chemical shift differences. The vertical lines show the measurement of the rotationally
averaged chemical shift and horizontal lines show that for the associated heteronuclear
dipolar coupling.

Discussion
The measurement of angular constraints for both backbone and side chain sites in a protein
provides sufficient input to calculate the three-dimensional structure of a protein. These
measurements are well suited to the study of non-globular proteins, such as membrane
proteins in phospholipid bilayers. Moreover, these measurements are particularly forgiving
with respect to experimental errors and uncertainties regarding the principal values and
orientations of the tensors in the molecular frame because site-to-site errors do not
accumulate. Each measurement is made independently relative to a common external axis,
defined either by the direction of the magnetic field in magnetically or mechanically
oriented samples or the bilayer normal for fast rotational diffusion of the protein. In the case
of membrane proteins these axes are collinear.

Uniaxial sample alignment where the direction of the molecular alignment is parallel to that
of the magnetic field is the next most general type of sample after a single crystal. In this
case, the sample has one direction of orientation and the other two directions are random or
undefined. What is most notable is that while these samples are capable of yielding very
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high resolution spectra when they are aligned parallel to the field, the line shapes become
broad and complex when they are tilted away from parallel. This is seen most dramatically
when the axis of alignment is perpendicular to the direction of the field. A characteristic
partial powder pattern is observed in these situations. However, the situation is greatly
simplified when the molecule of interest undergoes fast rotational diffusion about a single
axis; in the case of membrane proteins, this is the bilayer normal.

Membrane proteins in phosphopholipid bilayers can be aligned mechanically between glass
plates. As with uniaxially aligned polymers, when the axis of alignment is parallel to the
field, then single line resonances are observed regardless of whether any molecular motion
is present. Magnetically aligned samples of membrane proteins were originally sought as
direct replacements for mechanically aligned samples, and once it was discovered that the
lanthanide ions added to the lipids could “flip” the alignment so that the bilayer normals
were parallel to the field61 then that was the case.11 However, there is considerably more
flexibility with magnetically aligned systems because the proteins undergo fast rotational
diffusion about the bilayer normal.

Once stable magnetically aligned bilayer samples were prepared it was possible to compare
the spectra obtained in parallel and perpendicular alignments. Under all conditions examined
so far, the proteins yield single line spectra in parallel and perpendicular alignments, and at
intermediate angles of alignment; this requires rapid axial diffusion of the protein about the
bilayer normal.

The experimental results and their comparisons demonstrate that mechanically aligned,
magnetically aligned, and rotationally aligned samples are all equivalent and complementary
approaches that can be used to determine the three dimensional structures of membrane
proteins. In practice, this provides much needed flexibility in sample preparation and in the
spectroscopic experiments. The data in this article were obtained on polypeptides with a
single trans-membrane helix because of the opportunities for direct comparisons among the
various experiments. However, we have obtained similar results on proteins with two, three,
and seven trans-membrane helices, demonstrating the generality of the approach.

Conclusions
OS solid-state NMR is based on the measurement of angular constraints as input for
structure calculations in order to determine the structures of proteins. Sample preparation is
a key component of experimental design, and often the limiting factor in the selection of
protein samples for study. Experimental results on mechanically and magnetically aligned
samples are directly compared to those from unoriented samples, demonstrating the
equivalence of the angularly dependent frequencies from the chemical shift and dipole-
dipole interactions as long as the membrane proteins undergo fast rotational diffusion about
the bilayer normal and that this axis is collinear with the axes of alignment defined by the
direction of the bilayer normal relative to the magnetic field. This expands the possibilities
for applying the basic principles of OS solid-state NMR to unoriented samples, including
those with many labeled sites with the use of MAS solid-state NMR methods that reveal or
recouple the powder patterns from the motionally averaged chemical shift and dipole-dipole
interactions. Angular constraints from these two sources for each peptide plane are sufficient
to determine the backbone structure of a protein, and it can be extended to side chains for
complete structure determination of membrane proteins in their native liquid crystalline
phospholipid bilayer environment.
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Figure 1.
A. Structure of the transmembrane domain of Vpu in lipid bilayers. B. and C. 15N chemical
shift spectra of uniformly 15N labeled transmembrane domain of Vpu aligned with its
bilayer normal perpendicular (B) or parallel (C) to the magnetic field. D. Structure of the
membrane bound form of the major coat protein of fd bacteriophage in lipid bilayers. E. and
F. 15N chemical shift spectra of uniformly 15N labeled fd coat protein aligned with its
bilayer normal perpendicular (E) or parallel (F) to the magnetic field. The spectra were
recorded at 40°C in magnetically aligned DHPC:DMPC q=3.2 bilayers. The spectra in C.
and F. were from samples with 3 mM Yb added to ‘flip’ the direction of the bilayer normal
to parallel to the field. The spectrum in B. was taken from reference 30.
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Figure 2.
15N NMR spectra of the single site 15N-leucine-11 labeled transmembrane domain of Vpu in
lipid bilayers. A. and B. Spectra of an unoriented sample in DMPC bilayers. A. Low
temperature 5°C. B. High temperature 30°C. C. and D. Spectra of a magnetically oriented
sample in 14-O-PC:6-O-PC q=3.2 bilayers at 40°C. C. The sample is aligned so that the
bilayer normal is parallel to the field. D. The sample is aligned so that the bilayer normal is
perpendicular to the field.
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Figure 3.
15N NMR spectra of 15N-leucine-14, and 41 labeled fd coat protein in lipid bilayers. A. and
B. Spectra of an unoriented sample in DMPC bilayers. A. Low temperature 5°C. B. High
temperature 30°C. C. Spectrum of a mechanically aligned sample at 22°C on glass plates
aligned with the bilayer normal parallel to the magnetic field. D. Simulated powder line
shapes for two leucine sites that are consistent with the spectra in B. and C. and the structure
of the protein in bilayers. The spectrum in C. was previously published in reference 35.
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Figure 4.
MAS solid-state 15N NMR spectra of 15N-leucine-11 labeled transmembrane domain of Vpu
in unoriented DMPC lipid bilayers (vesicles). A. and B. were obtained at high temperature
30°C. C. and D. were obtained at low temperature 5°C. In each panel the three spectra are:
Top: Powder pattern calculated from the experimental sideband intensities. Middle:
Sideband intensities ‘back calculated’ from the powder pattern on top. Bottom:
Experimental NMR spectrum. The calculated spectra were simulated with δ11=65 ppm,
δ22=75 ppm, δ33=217 ppm and δiso=119 ppm and η=0.1 for the low temperature and δ⊥
=82 ppm, δ||=194 ppm, δiso=119 ppm and η=0 for high temperature. The experimental
spectra resulted from signal averaging 3000 transients and 6 second recycle delay. The MAS
spinning rates were 2.2 kHz for A and C, and 3.0 kHz for B and D.
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Figure 5.
Two-dimensional MAS SLF spectra of an unoriented 15N-leucine-11 labeled sample of the
transmembrane domain of Vpu in unoriented DMPC lipid bilayers (vesicles) obtained with a
spinning rate of 7 kHz. A. Low temperature 0°C. B. High temperature 30°C. A. Top:
Simulated spectrum for 10 kHz dipolar coupling to match the experimental data. Middle:
Slice from experimental spectrum. Bottom: Experimental two-dimensional spectrum
obtained from the frequencies observed in the cross-polarization build up curve under Lee-
Goldburg irradiation. B. Same as A. except that the simulated spectrum is for 7 kHz dipolar
coupling to match the experimental data. 2000 scans and 16 t1 real data points were
collected for each two-dimensional spectrum.
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Figure 6.
Two-dimensional SLF PISEMA spectra of 15N-leucine-11 labeled transmembrane domain
of Vpu in DOPC:DOPG (9:1, w/w) bilayers oriented mechanically on glass plates at 22°C.
A. The bilayer normal is parallel to the field. B. The bilayer normal is perpendicular to the
field.

Park et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Solid-state NMR spectra of 15N-tryptophan-26 labeled fd coat protein in lipid bilayers at
20°C. The tryptophan residue is labeled in both the sidechain indole nitrogen and the
backbone amide nitrogen. A. and E. One-dimensional 15N MAS spectra of an unoriented
sample of fd coat protein in DOPC:DOPG (9:1, w/w) bilayers. (A. 8.8 kHz spin rate and E.
2.5 kHz spin rate). B. Two-dimensional LG-CP spectrum showing the 1H-15N heteronuclear
dipolar couplings obtained with a 8.6 kHz spin rate. C. Simulated 15N static power pattern
for the backbone amide site. D. Simulated 15N static powder pattern for the side chain indole
site. F. “Dot” representation of the resonances in G. corresponding to the sidechain indole
nitrogen (red) and the backbone amide nitrogen (blue) assigned to Trp-26. G. =Two-
dimensional PISEMA spectrum of uniformly 15N labeled fd coat protein in POPC:POPG
(8:2, w/w) bilayers at 22°C oriented mechanically on glass plates with the bilayer normal
parallel to the magnetic field, taken from reference 33.
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