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The development of solid-state NMR of membrane proteins

Stanley J. Opella*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, 
California, USA

Abstract

Most biological functions are carried out in supramolecular assemblies. As a result of their slow 

reorientation in solution, these assemblies have been resistant to the widely employed solution 

NMR approaches. The development of solid-state NMR to first of all overcome the correlation 

time problem and then obtain informative high-resolution spectra of proteins in supramolecular 

assemblies, such as virus particles and membranes, is described here. High resolution solid-state 

NMR is deeply intertwined with the history of NMR, and the seminal paper was published in 

1948. Although the general principles were understood by the end of the 1950s, it has taken more 

than fifty years for instrumentation and experimental methods to become equal to the technical 

problems presented by the biological assemblies of greatest interest. It is now possible to obtain 

atomic resolution structures of viral coat proteins in virus particles and membrane proteins in 

phospholipid bilayers by oriented sample solid-state NMR methods. The development of this 

aspect of the field of solid-state NMR is summarized in this review article.

Keywords
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1. Introduction

The Achilles’ Heel of NMR spectroscopy, the correlation time problem, held back 

applications of NMR to membrane proteins in phospholipid bilayers for many years. 

However, high-resolution solid-state NMR is now sufficiently advanced to enable detailed 

studies, including structure determination, to be performed with the proteins under near-

native conditions in phospholipid bilayers under physiological conditions. As is well known, 

the term “solid-state” NMR is a misnomer, since it refers to the instrumentation, 

experimental methods, and theory, but not the physical state of the sample. Solid-state NMR 

is applicable to molecules that reorient slowly compared to the relevant time scale, generally 

~10−4 sec, dictated by the dipole-dipole and chemical shift interactions. The time scale can 

be shifted to significantly shorter times by observing spectra from quadrupolar nuclei, such 

as 2H and 14N. Biological supramolecular assemblies, such as virus particles and 
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membranes, reside in aqueous solution, but with their overall reorientation restricted by their 

mass and shape. Molecules and atomic sites that reorient fast undergo motional averaging, 

and if it is effectively isotropic, then solution NMR is the appropriate approach. Even 

though it is possible to determine the structures of membrane-associated polypeptides in 

micelles and bicelles by solution NMR, there is a significant hazard that the detergents 

present in the sample will distort the protein structures.

Membrane proteins are a prime example of structural biology where the advantages of 

determining the three dimensional structures of these proteins in phospholipid bilayers under 

physiological conditions are so overwhelming that it is likely that solid-state NMR will 

become the ‘gold standard’ for their characterization in the near future. Since membrane 

proteins constitute about one-third of the proteins expressed from a genome and include the 

major classes of drug receptors, this is highly significant.

2. Personal perspective

My graduate research was on solution NMR of proteins, primarily the implementation of 

natural abundance 13C NMR [66] using one of the first commercial spectrometers equipped 

with an accessory for pulsed Fourier Transform operation. Tellingly, one of the experiments 

was the characterization of the rotational correlation time of a globular protein by relaxation 

measurements of the backbone 13Cα sites [4]. The NMR’s ‘size problem’ of common 

parlance is more accurately the ‘correlation time problem’, and it has been paramount in all 

solution NMR studies of proteins, starting with the initial spectrum [94], and continuing 

through the present [12], despite the enormous strides that have been made in sample 

preparation, experimental methods, and instrumentation.

During my graduate research, even before the advent of heterologous expression of almost 

any protein from a genome, there was a continuous stream of new proteins potentially 

available for study by NMR spectroscopy. But one question was asked in every conversation 

about a new protein: how big is it? And equally important was consideration of the protein’s 

solubility and tendency towards aggregation. Central to the correlation time problem is the 

overall organization of biological systems, with most biological functions carried out within 

supramolecular complexes, such as membranes, virus particles, chromatin, etc. The 

correlation time problem was feared since if the questions were answered unsatisfactorily, 

and they usually were, the conversation would stop.

After my graduate research I wanted to address the ‘show stopping’ issue of the correlation 

time problem. For a time, it seemed that I would have to learn an entirely new technique, 

such as crystallography or optical spectroscopy, even though both are limited compared to 

NMR’s atomic resolution details about protein structure, dynamics, and interactions. The 

answer as to what to do for postdoctoral research was contained in the paper “Proton-

Enhanced Nuclear Induction Spectroscopy. A Method for High-Resolution NMR of Dilute 

Spins in Solids” by Pines, Gibby, and Waugh [86]. In this communication, they said: “One 

can thus contemplate high resolution NMR of very rare spins and/or very small samples. 

Studies of chemical shift anisotropy of rare species (e.g., metals bound to proteins) or the 

dipolar structure of rare spin groups (e.g., 31P of polyphosphate moieties) could be of value 
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in structural studies.” Taking their statement at face value, I convinced myself that with the 

use of isotopic labeling and the promised further development of the methods they could be 

applied to proteins in supramolecular assemblies. I was fortunate to be able to pursue 

postdoctoral research in John Waugh’s laboratory at M.I.T. where high resolution solid-state 

NMR was invented [86, 111] and first applied to chemical [85] and biochemical [108] 

problems. My contribution was to help identify and develop those aspects that would enable 

it to be applied to proteins and other biological systems [67, 68]. The eighteen-month 

immersion in solid-state NMR that I obtained in the Waugh laboratory set the stage for 

establishing my own research group as an Assistant Professor.

The goal of my own research was simple, but ambitious. It was to develop and apply a 

general method for structure determination of proteins in biological supramolecular 

assemblies. The first example was filamentous bacteriophages [105], and as the approach 

has advanced it is now possible to determine the structures of membrane proteins in 

phospholipid bilayers [82]. Throughout, single- and poly-crystalline compounds were used 

as model systems for the development of new pulse sequences and instrumentation. This 

article describes my view of the development of solid-state NMR of proteins from the 

perspective of my own research program. Key influences are emphasized, but it is in no way 

meant to be a complete review of the field, and necessarily there are only a limited number 

of references to important complementary studies from other investigators. Recently, Ian 

Campbell wrote a similar review in this series [12], and hopefully others will in the future, 

in order to provide a full account of the development of biological NMR from multiple 

perspectives.

3. Historical perspective

3.1 Origins of NMR spectroscopy

In 1946 Bloch and Purcell defined the field of NMR spectroscopy [8, 89] by demonstrating 

that signals could be detected through the phenomenon of resonance. These groups worked 

out many aspects of nuclear magnetism and relaxation during the next few years. However, 

it is a paper by Pake in 1948 [74] that had a particular impact on the application of NMR to 

chemical problems, including structure determination and intramolecular dynamics [33–35, 

75]. The original Pake paper [74] demonstrated the presence of the dipole-dipole nuclear 

spin interaction between two spin I=1/2 nuclei in close proximity. Because of the limitations 

of the instrumentation and experimental techniques available at the time, the success of the 

study rested on the choice of sample, since water molecules, with their proximate pair of 

hydrogens, on gypsum were well separated from each other, eliminating the necessity of 

homonuclear decoupling to observe the coupling between the isolated pair of 1H in the water 

molecules. It was possible to prepare single crystal and powder samples for comparisons.

The original goal was to show that line widths obtained from solids were fundamentally 

broad. By inference, this would demonstrate that the line widths in liquids were narrow. The 

first surprise of NMR spectroscopy was finding that the resonance from water on gypsum 

was a doublet rather than a single broad signal. In a single crystal, the splitting between the 

doublet peaks varied with the angle with respect to the magnetic field and a powder sample 

gave the characteristic “Pake doublet”, which provided an accurate measurement of the 
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internuclear distance [74, 75]. This is illustrated in Figure 1A for two situations [34]; on the 

left is the classic Pake doublet that results from the dipole-dipole coupling of two spin I=1/2 

nuclei (1H) in a rigid lattice; by contrast, on the right is a motionally averaged Pake doublet 

that results from the same two spins undergoing 180° rotation about an internal axis. The 

effect of the motion is to reduce the span of the powder pattern in half. Motion about other 

axes results in characteristic narrowing that can be related to the direction of the motion. 

This is an extremely useful phenomenon for characterizing intramolecular dynamics and, as 

discussed later in this article, for structure determination of membrane proteins by 

rotationally aligned (RA) solid-state NMR [28, 56, 76].

For all practical purposes, the development and application of NMR to solids and liquids 

proceeded along separate paths during the twenty-five year period from 1945 through 1970. 

With the introduction of programmable, pulsed Fourier transform instrumentation and 

dedicated instrument computers, both solution NMR and solid-state NMR methods were 

poised for rapid development in the 1970s. Because of the more difficult experiments and 

smaller community of experts in the field, solid-state NMR advanced more slowly than 

solution NMR. Now, since solution NMR of proteins is quite mature [12], and there have 

been dramatic strides in the instrumentation and experimental techniques of solid-state NMR 

of proteins [14, 20, 32, 41, 45, 48, 61, 62, 65, 72, 83, 91, 97, 100, 106, 107, 113, 118], the 

situation has reversed.

3.2 High-resolution solid-state NMR spectroscopy

A triad of methods constitutes the foundation of high-resolution solid-state NMR. These are 

multiple-pulse homonuclear decoupling of abundant spins (e.g., 1H, 19F) [111], combined 

cross-polarization and heteronuclear decoupling of dilute spins (e.g., 13C, 15N) [86], and 

magic angle sample spinning to obtain single-line resonances from powder samples [2, 95]. 

All three methods have been greatly enhanced in capability since their introduction through 

improvements in instrumentation and experimental methods, and are now widely used. All 

three methods were introduced using ‘home-built’ equipment, and for some time that was 

the only way to perform the experiments, which limited their reach into the biochemical 

NMR community. However, modern commercial instruments are now capable of 

performing these highly demanding experiments remarkably well, enabling high-resolution 

solid-state NMR to have a much broader impact on chemistry and biochemistry.

In the seminal 1968 paper [111], Waugh and coworkers demonstrated a striking command 

of the nuclear spins with the first high-resolution NMR spectrum of a solid sample shown in 

Figure 2. Using the now-classic WaHuHa multiple-pulse experiment, they were able to 

attenuate the strong homonuclear couplings that were intractable to all previous approaches 

while preserving the chemical shift interaction. The resulting spectra had resonance line 

widths comparable to those of liquids in the same spectrometer, as shown by the comparison 

in the bottom spectrum in Figure 2. This demonstrated the key concept of selective 

averaging [37] of the effects of some spin-interactions while leaving one or a few others for 

analysis. This has gained its greatest applicability in multidimensional experiments, starting 

with separated local field (SLF) spectroscopy [38, 68, 112] of solids.
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Significantly, among the first studies performed using multiple-pulse NMR on solids were 

those that characterized intramolecular dynamics [58]. The averaging of the 19F chemical 

shift anisotropy powder pattern associated with a methyl group is shown in Figure 1B. At 

low temperatures rotation of the methyl group is not apparent in the chemical shift powder 

pattern, which is broad and non-axially symmetric. In contrast, at elevated temperatures 

where the methyl group does undergo rotation about its C3 axis, the resulting powder pattern 

is motionally averaged; characteristically it is axially symmetric and narrowed compared to 

the static powder pattern. Notably, the analogous experiment has been performed on the 

phospholipid [57] and protein [50] components of membranes.

Following the introduction of the original four-pulse WaHuHa experiment [111], there was 

an intense period of parallel development of the underlying coherent averaging theory [36] 

and more sophisticated experiments with improved compensation for imperfections in the 

pulses [37]. An important outcome of this era of solid-state NMR applications to chemistry 

was the determination of the 1H chemical shift tensors of a wide variety of compounds [59].

The next innovation with far-reaching consequences for NMR applications to chemistry and 

biochemistry, also from Waugh and coworkers, was the introduction of proton-enhanced 

nuclear induction spectroscopy [85, 87]. The most elegant of experiments, cross-polarization 

of magnetization from the abundant bath of 1H spins, with their relatively short T1s, to the 

dilute 13C or 15N spins provides sensitivity enhancement, and the application of irradiation 

to the 1H spins during data acquisition provides high resolution of the chemical shifts of 

the 13C- or 15N- containing compounds. The dramatic effects of this experiment on the 13C 

NMR spectrum of a solid are shown in Figure 3. Notably, among the initial experiments, the 

effects of motional averaging on 13C powder patters were demonstrated [87].

Solid-state NMR was fully brought into the realm of chemistry by combining magic angle 

sample spinning with cross-polarization and heteronuclear decoupling [95]. High-resolution 

spectra with distinguishable chemical shifts comparable to those obtained by dissolving the 

same polymers in solution are shown in Figure 4. This was a major step forward for the 

field, and is now widely applied to proteins. The instrumentation has undergone a 

remarkable amount of development, since the initial maximum spinning rates were 3 kHz 

and they are now greater than 100 kHz.

4. Solid-state NMR of proteins

Using home-built equipment, including machining our own stators and Andrew-Beams 

rotors, we obtained the first MAS solid-state NMR spectrum of a protein [69]. Even though 

the sample was natural abundance 13C, with the use of large samples and extensive signal 

averaging it was feasible to resolve individual protein resonances. We also obtained the 

first 15N MAS solid-state NMR spectrum of a protein [24]. This required an important step 

forward in isotopic labeling of proteins. Based on the famous Meselson-Stahl 

experiment[60], we noted that all of the molecules present in E. coli grown on minimal 

media where the sole source of nitrogen was 15N-labeled ammonium sulfate had all of 

their 14N replaced by 15N. This provides uniformly 15N labeled proteins, giving the 

necessary sensitivity for 15N NMR spectroscopy. It is particularly convenient because there 
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are no nitrogens bonded to other nitrogens in proteins, making homonuclear 15N-15N 

decoupling unnecessary. It also opened the way for its use in solution NMR experiments [9], 

and was complemented by selective labeling by residue type for many classes of NMR 

experiments.

As shown in Figure 5 the triad of methods is highly effective for proteins in biological 

supramolecular structures, in this case our first examples, which were filamentous 

bacteriophages. These large rod-shaped particles give very broad and unresolved spectra 

using conventional solution NMR methods because of the lack of motional averaging. 

However, the combination of selective isotopic labeling, cross-polarization/heteronuclear 

decoupling, and magic angle sample spinning gives narrow single-line resonances [31].

It is feasible to determine the structures of crystalline globular proteins using MAS solid-

state NMR, and this has been accomplished for spectrin [13], GB1 [117], Crh [51], ubiquitin 

[43], MMP-12 [7], and superoxide dismutase [47], among a growing number. Recently, the 

structure of a seven trans-membrane protein in phospholipids has been determined in this 

way [110].

5. Oriented sample solid-state NMR

Besides magic angle sample spinning, there is a second approach to obtaining high-

resolution solid-state NMR spectra with single-line resonances, and that is the use of aligned 

samples. The archetypical example of an aligned sample, of course, is a single crystal, which 

gives single lines for each unique site in the unit cell. The one-dimensional spectrum at the 

top of Figure 6 is of a single crystal of calcium formate, illustrating the benefits of sample 

orientation in giving high resolution in the chemical shift dimension. Figure 6 also shows the 

first experimental two-dimensional separated local field spectrum [38]. Each signal 

associated with a 13C bonded to a single 1H is a doublet of the same origin as a Pake doublet 

[74]. In this case the local fields of the various carbon sites are separated by the chemical 

shifts of the carbon sites. The use of multiple pulse homonuclear decoupling separates the 

heteronuclear dipolar couplings from the complications of the multiple couplings throughout 

the large network of 1H spins in the sample [112].

It is also the case that a single line resonance results from uniaxial alignment of a polymeric 

sample parallel to the direction of the magnetic field. This was originally illustrated with 

spectra of physically drawn (aligned) polyethylene [68]. There is only a single type of 

chemical group in polyethylene, thus only one signal. In the two-dimensional separated local 

field spectrum where the 1H-13C heteronuclear dipolar coupling is in one dimension and 

the 13C chemical shift is in the second dimension, a triplet was observed due to the effects of 

the two hydrogens on the methylene groups of polyethylene.

A similar situation exists in Figure 7 where a single site is 15N labeled in the major coat 

protein that is magnetically aligned and immobilized as part of a filamentous virus particle. 

The one-dimensional chemical shift spectra of an unoriented powder sample and a 

magnetically aligned sample of the filamentous bacteriophage fd are shown. Also shown is a 

two-dimensional SLF spectrum of the labeled residue. The finding of only a single 

resonance demonstrates that each protein subunit is arranged symmetrically in the 
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filamentous virus particle. The combination of the frequency of the single-line resonance 

and the heteronuclear dipolar splitting provide sufficient information to determine the 

position of the 15N-labeled tryptophan side chain within the three-dimensional structure of 

the coat protein.

Figure 8 illustrates several of the key points necessary for developing a general method of 

structure determination using aligned samples. These samples of Pf1 filamentous 

bacteriophage were uniformly 15N labeled by their growth in minimal media. The two SLF 

spectra were obtained at two different periods of the development of the method. Only half 

the dipolar coupling dimension is shown because it is symmetric about zero frequency, and 

this allows greater detail to be displayed. The spectrum in Figure 8b was obtained in 1983 

[26] and only partial resolution could be achieved. In that era most of the substantial work 

required the use of selective isotopic labeling to provide resolution, assignment, and 

frequency measurements for individual sites. The spectrum in Figure 8c was obtained 

twenty years later [105]; the sample was essentially identical to that in Panel b. The great 

increase in resolution resulted from two main factors. One was the use of a higher field 

magnet, which served to spread the chemical shifts in one of the dimensions. The second 

was the implementation of polarization inversion spin exchange at the magic angle 

(PISEMA) [116], which provides much narrower lines in the dipolar coupling dimension 

than the original implementations of separated local field spectroscopy [38]. The 

combination of the two gives a striking improvement in the quality of the spectra. The 

spectrum in Figure 8c was fully assigned and the two orientationally-dependent frequencies 

associated with each resonance provided sufficient restraints for complete structure 

determination [105].

The same oriented sample method outlined above for single crystals, synthetic polymers and 

filamentous bacteriophages can be applied to membrane proteins. In oriented sample (OS) 

solid-state NMR of stationary, aligned samples of membrane proteins there are two 

approaches to sample alignment. One is mechanical alignment between glass plates [5, 23, 

64] and the other is magnetic alignment using bicelles [42, 93], which are mixtures of long 

chain lipids that form the planar bilayer for the protein, with short chain lipids or detergents 

to ‘cap’ the ends of the bilayer region. Recently, we demonstrated that it is possible to 

prepare magnetically-alignable ‘detergent-free’ bicelles through the use of an amphipathic 

peptide instead of short chain lipids, which are referred to as macrodiscs [81].

Magnetic alignment enables the preparation of very highly aligned samples of membrane 

proteins [80]. This is illustrated in Figure 9 for membrane proteins with one, two, and seven 

trans-membrane helices. Figure 9D, E, and F are 31P NMR spectra of the phospholipids that 

form the bilayers in the samples. The positions and line shapes of the resonances indicate 

that the bilayers are very highly aligned. The one-dimensional spectra in Figure 9A, B, and 

C are of the uniformly 15N labeled samples of proteins embedded in the aligned bilayers. As 

can be seen for the smallest protein in Figure 9A, the resonance line widths are quite narrow. 

There is considerable spectral overlap in the results for the larger membrane proteins, 

although the underlying resonances are narrow.
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The two-dimensional spectrum in Figure 9E is from the same sample used to obtain the one-

dimensional spectra in Figure 9A and D. It displays excellent resolution in both the chemical 

shift and heteronuclear dipolar coupling dimensions, and, as marked, all of the resonances 

have been assigned to specific sites in the protein. The most noticeable feature is the “wheel-

like” pattern of resonances, which comes from the trans-membrane helix. This is because of 

the regularity of the helix (residues 23 – 42) [54, 109], and these PISA (polarity index slant 

angle) wheels are extremely useful in the analysis of spectra of helical proteins.

6 Rotationally aligned solid-state NMR

Rotationally aligned (RA) solid-state NMR is specifically tailored for the unique properties 

of membrane proteins in liquid crystalline phospholipid bilayers. It combines features of 

magic angle spinning and oriented-sample solid-state NMR to resolve and assign resonances 

associated with each amino acid residue, measure site-specific orientation restraints relative 

to the bilayer, and calculate the three-dimensional structure of the protein and its orientation 

within the membrane bilayer. RA solid-state NMR differs from previously used OS solid-

state NMR methods in that it relies on the inherent rotational diffusion of membrane 

proteins in phospholipid bilayers [17, 21] to provide orientation-dependent motional 

averaging of heteronuclear dipolar coupling and chemical shift anisotropy powder patterns 

relative to the bilayer normal, rather than the orientation-dependent frequencies of single-

line resonances observed in OS NMR of stationary, uniaxially aligned samples. It differs 

from more standard MAS solid-state NMR approaches that typically rely on short-range 

distance and angle measurements within the polypeptide chain rather than to an externally 

defined axis, in this case the bilayer normal.

Phospholipids self-assemble to form extended bilayer membranes in liposomes. The polar 

head groups are exposed to water and the hydrophobic hydrocarbon chains face the 

membrane interior of the bilayer. On the molecular scale, these bilayers are infinitely long in 

two dimensions, but only two molecules thick in the third dimension. This is illustrated in 

Figure 10 by the representation of Singer and Nicholson’s fluid mosaic model of a 

biological membrane [101]. Both the phospholipids and the proteins undergo fast rotational 

diffusion about the bilayer normal [15, 21], as indicated by the arrows, as well as 

translational diffusion in the plane of the bilayer.

The rotational diffusion of membrane proteins in phospholipid bilayers, illustrated in Figure 

10, was shown to occur in the early 1970s by optical methods [15–19, 84, 90]. Notably, the 

same phenomenon was observed in the averaging of lineshapes by NMR. McLaughlin and 

coworkers in 1975 [57] used 31P NMR of the phospholipids to show that they undergo fast 

rotational motion by two pertinent spectroscopic effects. One was the averaging of the 

powder pattern line shape and the other was the observation of single line spectra when the 

lipid bilayers were mechanically aligned on glass plates over a wide range of angles (not just 

with the normal parallel to the field). Ten years later, in a similar, complementary 

experiment Griffin and coworkers [50] demonstrated that the protein bacteriorhodopsin 

undergoes rotational diffusion in phosphatidyl choline bilayers because of the averaging of 

the 13C′ powder pattern, as illustrated in Figure 11A and B. Contemporarily, Cornell and 

coworkers [23, 102] showed that 13C′ labeled gramicidin undergoes the same type of 
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motional averaging in phospholipid bilayers. The results with 13C labels in gramicidin [98] 

were confirmed with 2H [49, 104] and 15N labeled gramicidin; Cross and coworkers [30] 

showed that the 15N powder pattern in an unoriented bilayer sample was axially symmetric, 

as required by motional averaging about the bilayer normal. In a highly definitive 

experiment, Cross and coworkers utilized gramicidin labeled at a single site to show with a 

two-dimensional SLF experiment that the motionally averaged chemical shift and dipolar 

coupling principal elements were collinear, while in a static sample they differ in alignment 

by about 17°. By obtaining narrow single-line resonances from protein-containing bicelles 

with their normals perpendicular to the magnetic field, we demonstrated that the membrane-

bound form of fd coat protein undergoes rotational diffusion about the bilayer normal in 

phospholipid bilayers. In an even more definitive experiment, very similar to the original 

McLaughlin and coworkers experiment, we were able to show single line resonances from 

tilted coil samples over a wide range of angles, again something that could only be observed 

in the presence of rotational diffusion [78]. It was possible to take advantage of the angular 

dependence of the axially symmetric powder patterns to determine the tilt angle of a helix 

through the use of PISA wheels and Dipolar Wave that are based on the regularity of the 

secondary structure [79]. Subsequently, other groups determined the tilt angle of 

representatives of several classes of peptides by characterizing the rotationally averaged 

powder patterns of labeled sites [1, 11, 40, 63, 88]. In combination with magic angle 

spinning [6, 10, 28, 56, 76], the rotational alignment of membrane proteins enables complete 

resolution and measurement of motionally averaged 13C and 15N chemical shift anisotropies 

and 1H-13C and 1H-15N heteronuclear dipolar couplings. The spectral manifestations of 

rotational averaging provide the experimental foundation for RA solid-state NMR.

In the structure determination of membrane proteins by RA solid-state NMR, it is essential 

to verify that the protein undergoes rapid rotational diffusion about the bilayer normal and 

that this rotation can be switched between slow and fast limit by changing the temperature. 

As shown in Figure 11, it is particularly convenient to monitor the effect of temperature on 

the 13C′ CSA powder pattern of a uniformly 13C/15N labeled membrane protein in 

proteoliposomes [50]. This powder pattern line shape is effective in demonstrating that a 

helical membrane protein is undergoing fast rotational diffusion, since the static powder 

pattern is highly asymmetric with a large frequency span. For transmembrane helices a large 

fraction of the backbone carbonyl bonds are approximately parallel to the bilayer normal 

(i.e., the axis of motional averaging); thus, when the protein undergoes fast rotational 

diffusion, the 13C′ powder pattern becomes axially symmetric and is significantly narrowed. 

This is shown in Figure 11 with experimental data from the protein MerFt in DMPC bilayers 

[28]. A useful way to experimentally monitor the protein rotational diffusion is with slow (5 

kHz) MAS as shown in Figure 11E (fast rotational diffusion of the protein) and Figure 11F 

(slow rotational diffusion of the protein). There is a family of sidebands when the 13C′ CSA 

has its full static breadth; in contrast, the motionally averaged CSA has such a small span 

that there are no observable spinning sidebands, even at the 5 kHz rate.

The full two-dimensional 1H-15N dipolar coupling/13C chemical shift SLF spectrum shown 

in Figure 12A contains resonances from all of MerFt’s 13Cα sites. Although there is 

considerable spectral overlap, an individual resonance assigned to Leu 31 can be identified, 
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as marked in Figure 12A. The rotationally averaged 1H-15N dipolar coupling and 15N CSA 

powder patterns associated with each isotropic resonance are characterized with three-

dimensional MAS solid-state NMR experiments. Figure 12B and C contains two-

dimensional 1H-15N dipolar coupling/13C chemical shift planes selected from a three-

dimensional spectrum at the 15N shift frequency corresponding to Leu 31. 1H-13C 

heteronuclear dipolar couplings were measured with similar three-dimensional experiments 

(Figure 12C). Since we previously verified [76] that the measurement of orientation-

dependent frequencies from the parallel edges of the recoupled, motionally averaged, axially 

symmetric powder patterns[74] are identical to those measured from the single line 

resonances observed in aligned, stationary samples, the frequencies measured from the 

spectra in Figure 12 can be used to determine the orientation of the peptide plane for Leu 31 

and, in general, with sufficient data from other residues, to calculate the three-dimensional 

structure of the protein [28].

The frequencies measured from the spectra in Figure 12 are interpreted graphically in Figure 

13. The experimentally measured, motionally averaged 1H-13C and 1H-15N heteronuclear 

dipolar couplings are compared to calculated static powder patterns on the right side of the 

Figure. On the left side, the resulting angular vectors derived from the experimental data are 

superimposed on the peptide plane of Leu 31.

The 1H-15N and 1H-13Cα dipolar coupling restraints and 15N chemical shift anisotropy 

restraints are sufficient to determine the orientation of the associated peptide plane relative 

to the axis of alignment and yield the three-dimensional structure of the protein. The 

protocol [56] for calculating protein structures from OS solid-state NMR data is outlined in 

Figure 14. It relies on a fragment based approach in the initial stage using the program 

Rosetta[29], and then full refinement in performed with all experimental restraints using the 

program XPLOR-NIH[96]. It was followed to determine the structures of the three 

membrane proteins shown in Figures 15 – 18.

7. Applications to membrane proteins

7a. MerF

Mercury transport membrane proteins from the bacterial mercury detoxification system [3] 

transport ionic Hg(II) from the periplasmic protein, MerP [103], across the hydrophobic 

bilayer, to the cytoplasmic enzyme, MerA, which reduces the extremely toxic Hg(II) to the 

much less toxic and volatile metallic form of mercury, Hg(0) [44]. We determined the 

structure of one of the mercury transport proteins, MerF, in phospholipid bilayers by RA 

solid-state NMR [52], ensuring that it is in its physiologically active state. The 81-residue 

MerF has two transmembrane helices and two Hg(II) binding sites, which contain pairs of 

cysteine residues [114]. The structure of MerF in phospholipid bilayers determined by solid-

state NMR spectroscopy is shown in Figure 15.

The structure determined by RA solid-state NMR reveals two crucial aspects of MerF, one 

of which is of general importance to the structure determination and analysis of membrane 

proteins. The second is that the juxtaposition of the two Hg(II) binding sites, identified with 

arrows in Figure 15, suggests a plausible mechanism for the transport of the Hg(II) ions 

Opella Page 10

Biomed Spectrosc Imaging. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



across the hydrophobic bilayers. We also determined the structure of an N- and C- terminal 

truncated construct of MerF (MerFt) and found it to have a remarkably different structure 

(Figure 16). The terminal residues of full-length MerF are mobile and unstructured in 

micelles, but are structured in the full-length and truncated forms of the protein in 

phospholipid bilayers. However, a substantial portion of the protein is different in the 

comparison of the full-length and truncated forms. These findings show that even fairly 

conservative alterations of the amino acid sequence can have profound effects on the folding 

of membrane proteins, and that detergent micelles can significantly alter the structure of the 

same polypeptide sequence. This is also apparent in Figure 17 with the comparison of the 

structures of p7 in micelles and bilayers.

The superposition of the structures of the full-length (aqua) and truncated (magenta) protein 

structures in Figure 16 is highly informative. The truncation of the N-terminal residues, 

which are mobile and unstructured in micelles, results in a dramatic rearrangement of the 

amphipathic helix (Ile 13 – Pro 25). These residues change from an orientation 

perpendicular to the bilayer normal to one that is nearly parallel to the bilayer normal and 

appears to be a continuation of the first transmembrane helix that extends out of the bilayer. 

Both structures were determined using identical sample conditions and methods; therefore, 

the observed structural rearrangement results solely from the alteration of the amino acid 

sequence of the protein. In contrast to the N-terminal truncation the C-terminal truncation 

does not appear to cause significant structural changes. These observations suggest caution 

in the use of truncations and other protein modifications of membrane proteins.

A key question in the study of the mercury transport mechanism is the location of the N-

terminal Hg(II) binding site, which is shown in Figure 15 to be in close proximity to the 

second Hg(II) binding site, which is located near the bilayer’s hydrophobic to hydrophilic 

interface. Previous biochemical studies and predictions on various mercury transporter 

proteins are inconsistent in identifying the location of the N-terminal binding site, ranging 

from the interface on the cytosolic side to the middle of the first membrane helix. The 

structure in Figure 15 supports the existence of the former topology. The second important 

observation is the proximity of the two metal binding sites on MerF, which supports the 

possibility of direct intramolecular Hg(II) transfers. Notably, the existence of direct contact 

has been hypothesized from various studies on mercury ligand exchange and mercury 

coordination chemistry. In any transport mechanism, tight control of Hg(II) is essential 

because of its high reactivity in solution, and the only way to transfer Hg(II) while 

maintaining tight control is through direct contact and ligand exchange between Hg(II) 

binding sites.

7b. p7

Hepatitis C virus (HCV) is an enveloped virus [53] with an RNA genome that is translated 

into a single 3000-residue polyprotein, which is cleaved by cellular and viral proteases to 

yield ten proteins [92]. One of the proteins, p7, is a small viral protein whose gene is located 

between those for the proteins that constitute the structural core and those for the non-

structural proteins. p7 is essential for efficient virus particle assembly and release but not 

RNA replication. p7 has 63 residues, two trans-membrane helices, and appears to be a 
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hexamer by electron microscopy[23], which may account for its channel activity. However, 

its biological roles are likely to be more numerous and multifaceted than simply acting as an 

ion channel. Indeed, its channel activity may be secondary to its principal biological 

activities of interacting with other proteins.

The structure of p7 is of interest in its own right, since the protein plays key roles in the viral 

lifecycle and is a potential drug target. It is also a prime example of a protein whose 

structure is affected by its environment. It is important to acknowledge the uncertainties 

associated with studying membrane proteins in any membrane-mimicking environment 

other than liquid crystalline phospholipid bilayers. We have determined the structure of p7 

in DHPC micelles by solution NMR [22] and in DMPC bilayers by RA solid-state NMR. 

Both structures indicate that p7 is a remarkably complex protein considering that it has only 

63 residues and its secondary structure is dominated by two hydrophobic trans-membrane 

helices. Another structure of p7 in micelles shows structural complexity as well [73]. The 

comparison of structures in Figure 17 suggests that the structural distortions result from the 

hydrophobic helices being stabilized by the hydrophobic environment at the center of the 

micelle. Regardless, of the reason, the structure in phospholipid bilayers is likely to be more 

representative of the in vivo structure of the protein. This is a factor to be taken into account 

with all membrane proteins that is being thoroughly analyzed by Cross and coworkers [27, 

119].

7c. CXCR1

CXCR1 is a class A rhodopsin-like G-protein coupled receptor for the chemokine 

interleukin-8 (IL-8), which mediates the immune and inflammatory responses associated 

with many disease states [39], including tumor growth and lung inflammation. The structure 

of CXCR1 shares significant similarities with that of CXCR4, the only other chemokine 

receptor whose structure has been determined [115], and it is of interest to identify structural 

differences due to variations in the amino acid sequences of the two proteins. However, the 

most notable structural differences appear to be associated with changes in the amino acid 

sequence of CXCR4 necessitated by the requirements of crystallization, and possibly the use 

of monoolein as the surrounding detergent, rather than a phospholipid bilayer. The changes 

in the sequence of CXCR4 include the insertion of T4 lysozyme in intracellular loop 3, 

removal of 33 C-terminal residues, and a site-specific mutation. There are structural 

differences throughout the proteins, especially in the vicinity of the sequence changes.

As seen in the representations in Figure 18, the CXCR1 helices are well defined by the 

NMR data [82]. For example, the data show the presence of a kink that changes the direction 

of trans-membrane helix 2 (residues 74 – 101) at Phe 88. The extracellular beginning of 

trans-membrane helix 7, just after extracellular loop 3, is tilted towards the central axis of 

the receptor. Residues immediately preceding the mobile C terminus form a well-defined 

helix (helix 8; residues Gln 310 through Ala 321). Helix 8 has a distinctly amphipathic 

amino acid sequence, and aligns along the membrane surface, indicating that the 

phospholipid bilayer may have a role in its adopting a helical structure at the membrane to 

aqueous interface. The NMR data also show the presence of two disulfide bonds, which are 
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highly conserved in this class of GPCRs that are important for ligand binding and play roles 

in forming the extracellular structure of the receptor.

The charged residues are located mainly near the membrane-water interface with negative 

charges clustered in the extracellular loops. In addition, four charged residues, contributed 

by trans-membrane helix 2 (Asp 85), trans-membrane helix 3 (Lys 117), and trans-

membrane helix 7 (Asp 288 and Glu 291), form a polar cluster in the core of the helical 

bundle that may have effects on ligand binding and receptor signaling. The intracellular 

loops are crucial for G-protein interactions, and are well defined in the structure determined 

by RA solid-state NMR.

8. A view to the future of solid-state NMR of membrane proteins

The structures of only a limited number of domains or full-length proteins have been 

determined in phospholipid bilayers; these include gramicidin [46], the M2 channel forming 

membrane segment of the acetylcholine receptor [70], the membrane-bound form of fd coat 

protein [55], the channel forming membrane segment of Vpu from HIV [77], the channel 

forming membrane segment of the influenza M2 protein [11, 99], N- and C- terminal 

truncated MerF [28], full-length MerF [52], CXCR1 [82], a sensory rhodopsin [110], and p7 

from HCV. Improvements in instrumentation, experimental methods, and calculation 

methods are starting to have a large impact on the field. The pace and quality of structure 

determination of membrane proteins by solid-state NMR is improving rapidly. The 

spectroscopy is firmly based in some of the earliest work in the field. The ability to 

determine the structures of unmodified membrane proteins in liquid crystalline phospholipid 

bilayers under physiological conditions of temperature and pH is an enormous advantage 

over competitive methods. There is every reason to believe that solid-state NMR will 

become a standard method for determining the structures of membrane proteins in the 

future.
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Abbreviations

CSA chemical shift anisotropy

GPCR G-protein coupled receptor

I spin abundant spin, e.g., 1H or 19F

MAS magic angle spinning

NMR nuclear magnetic resonance

OS oriented sample

PISEMA polarization inversion spin exchange at the magic angle
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RA rotationally aligned

S spin dilute spin, e.g., 13C or 15N

SLF separated local field
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Figure 1. 
The effects of rotational motion on dipole-dipole coupling and chemical shift anisotropy 

powder patterns. A. Theoretical line shapes for a nuclear pair with spin ½ when stationary 

and when in motion about an axis perpendicular to the internuclear axis. From reference 

[34]. B. 19F powder spectra of silver trifluoroacetate at 107 K (.) and 40 K (−). The spectra 

are characteristic of rotating (107 K) and rigid (40 K) CF3 groups. From reference [58].
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Figure 2. 
19F NMR spectra of a single crystal of CaF2 wet with C6H5CF3. Top spectrum: Fourier 

transform of a continuously sampled Bloch decay showing the sharp resonance of the liquid 

portion of the sample superimposed on the very broad resonance of the crystalline portion of 

the sample. Bottom spectrum: Fourier transform of the data points collected once per cycle 

in a delay between pulses in a four-pulse WaHuHa experiment showing the narrowing of the 

broad CaF2 resonance and the preservation of the chemical shift difference between the two 

types of 19F in the sample. From reference [111].
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Figure 3. 
Fourier transform NMR spectra of natural-abundance 13C in polycrystalline adamantane at 

24.46 MHz and room temperature. (a) Result of single free induction decay. (b) Cross-

polarization spectrum without decoupling. (c) Cross-polarization spectrum with proton 

decoupling (14 contacts) obtained in 0.8 sec. From reference [86].

Opella Page 22

Biomed Spectrosc Imaging. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Dipolar-decoupled natural abundance 13C NMR spectra of some solids obtained using single 

Hartmann-Hahn cross-polarization contacts of 1 ms duration. The cross-polarization spectra, 

obtained both with and without magic-angle spinning, are compared to some standard 

Fourier transform 13C NMR spectra of various materials in solution. Each spectrum is 8 kHz 

wide (at 22.6 MHz). The magnetic field increases from left to right. From reference [95].
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Figure 5. 
13C and 15N NMR spectra of fd. A. Natural-abundance 13C NMR spectrum of fd obtained 

with solution NMR methods. B. 13C NMR spectrum of 13Cγ-Trp-26-labeled fd obtained 

with cross-polarization, high-power proton decoupling, and rapid magic-angle sample 

spinning. C. Natural-abundance 15N NMR spectrum of fd, similar to A. D. 15N NMR 

spectrum of 15Nε2-Trp-26-labeled fd, similar to B. Asterisks indicate the labeled atoms in 

the amino acid. From reference [31].
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Figure 6. 
Pure one-dimensional chemical shift spectrum (top) and two-dimensional SLF spectrum 

(bottom) for 13C in a single crystal of calcium formate. A projection of the dipolar couplings 

is aligned on the left of the two-dimensional SLF spectrum. From reference [38].
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Figure 7. 
15N NMR spectra of 15Nε2-Trp-26-labeled fd in solution. A. Chemical shift powder pattern 

for an unoriented sample; B. Chemical shift spectrum of an oriented sample. The contour 

plot represents the data from a two-dimensional separated local field experiment using off-

resonance 1H irradiation to suppress 1H-1H interactions; the projection of the dipolar 

splitting is aligned on the left side. The spin-interaction tensors are drawn schematically in 

the molecular frame of the tryptophan side chain. From reference [25].
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Figure 8. 
Filamentous bacteriophages have served as an important test bed for the development of 

nuclear magnet resonance methods. a. A conventional solution-state NMR spectrum, 

obtained in 1976, showing low resolution and intensity. Spectra obtained in b. 1983 and c. 

2004 on essentially identical samples of uniformly 15N-labeled Pf1 bacteriophage. The two-

dimensional separated local field spectra of magnetically aligned samples illustrate the 

improvements in instrumentation and experimental methods. From reference [71].
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Figure 9. 
(top) Schematic drawings of three membrane proteins aligned in planar “long-chain lipid”: 

Triton X-100 (q=5) bilayers. A.-C. One-dimensional solid-state 15N NMR spectra of 

uniformly 15N-labeled proteins. D.–F. One-dimensional solid-state 31P NMR spectra of the 

phospholipids in the same samples. A, D. The membrane-bound form of the 46-residue Pf1 

coat protein. B, E. The 78-residue mercury transport protein MerE. C, F. The 350-residue G-

protein-coupled receptor CXCR1. G. Two-dimensional SLF spectrum of uniformly 15N-

labeled Pf1 coat protein in DMPC:Triton X-100 bilayers obtained at 700 MHz with the 

SAMPI4 pulse sequence. From reference [80].
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Figure 10. 
Schematic three-dimensional and cross-sectional views of the “Fluid mosaic model” of 

globular membrane proteins that are completely or partially embedded within a lipid matrix. 

Modified from Singer and Nicholson [101]. From reference [72].
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Figure 11. 
13C solid-state NMR spectra of uniformly 13C/15N labeled MerFt in DMPC 

proteoliposomes. The majority of resonance intensity centered near 175 ppm is from 13C′ 

backbone sites. A. Spectrum simulated for a single 13C′ group in a transmembrane helix 

undergoing rotational diffusion around the lipid bilayer normal. B. As in Panel A except for 

a static 13C′ group in a peptide bond. The family of sidebands in panel B (red) would be 

observed under slow (5 kHz) MAS. C. and D. Experimental spectra obtained for a stationary 

sample when the protein undergoes fast rotational diffusion about the phospholipid bilayer 

normal C. or where the protein is immobile on the time scale of the static 13C′ CSA powder 

pattern D. E. and F. Experimental spectra obtained from a sample undergoing slow (5 kHz) 

MAS where the 13C′ CSA powder pattern is motionally averaged E, or at where a family of 

sidebands spanning the width of the static 13C′ CSA powder pattern F is observed in the 

absence of protein rotational diffusion. Comparisons of the powder pattern frequency 

breadth (A vs. B; C vs. D) or the presence of spinning sidebands (E vs. F) are diagnostic for 

the presence of fast rotational diffusion of the protein under the experimental conditions 

used to measure the CSA and DC powder patterns. From reference [28].
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Figure 12. 
Examples of spectroscopic data for residue L31 obtained from MAS solid-state NMR 

spectra of uniformly 13C/15N labeled MerFt in DMPC proteoliposomes at 25°C: A. two-

dimensional 1H-15N dipolar coupling/13C shift SLF spectrum, B. two-dimensional 1H-15N 

dipolar coupling/13C shift SLF spectral plane selected from a three-dimensional spectrum at 

an isotropic 15N chemical shift frequency of 118.6 ppm. C. Two-dimensional 1H-13CA 

dipolar coupling/13C shift SLF spectral plane selected from a three-dimensional spectrum at 

an isotropic 15N chemical shift frequency of 118.6 ppm. D. Two-dimensional 1H-13CA 

dipolar coupling/1H-15N dipolar coupling SLF spectral plane selected from a three-

dimensional spectrum at an isotropic 13C chemical shift frequency of 54.6 ppm. All three 

spectral planes are associated with residue L31. The dashed line traces the correlations 

among the frequencies, which were obtained from three separate experiments. The dipolar 

coupling frequencies in the spectra correspond to the perpendicular edge frequencies of the 

corresponding powder patterns. Panel B shows that the 1H-15N dipolar coupling motionally 

averaged powder pattern for L31 has a perpendicular edge frequency of 4.7 kHz, 

corresponding to a splitting of 9.4 kHz, and a dipolar coupling value of 18.8 kHz. From 

reference [28].

Opella Page 31

Biomed Spectrosc Imaging. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Orientation of the peptide plane associated with residue L31 based on the experimental data 

shown in Figure 12.
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Figure 14. 
Outline of the protocol used to calculate the three-dimensional structures of proteins based 

on data such as that shown in Figure 12.
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Figure 15. 
The three-dimensional structure of MerF is shown as a ribbon diagram in aqua with the two 

mercury-binding sites labeled with arrows. The scale bar corresponds to the 23 Å thickness 

of the hydrocarbons in the lipid bilayer. Both termini of the protein are in the cytosol. From 

reference [52].
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Figure 16. 
The structure of the truncated 60-residue MerFt protein (magenta) is superimposed on the 

structure of the full-length 81-residue protein, MerF (aqua). From reference [52].
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Figure 17. 
Structures of the 63-residue full-length p7 protein. A. The structure determined in DHPC 

micelles by solution NMR (magenta) is shown in a micelle. B. The structure determined in 

DMPC bilayers by solid-state NMR (aqua) is shown in a bilayer. The solution NMR 

structure is from reference [22].
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Figure 18. 
Three-dimensional structure of CXCR1. Backbone representation of CXCR1 showing 

helices in cyan (TM1-TM7 and H8), extracellular loops in grey (ECL1-ECL3), and 

intracellular loops in blue (ICL1), green (ICL2) and red (ICL3). Disulfide-bonded Cys pairs 

(Cys30-Cys 277 and Cys110-Cys 87) are shown as sticks. a. Side view (n denotes bilayer 

normal), b. View from the extracellular side. c. View from the intracellular side. From 

reference [82].
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