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Abstract

The native environment for a membrane protein is a phospholipid bilayer. Because the protein is
immobilized on NMR timescales by the interactions within a bilayer membrane, solid-state NMR
methods are essential to obtain high-resolution spectra. Approaches have been developed for both
unoriented and oriented samples, however, they all rest on the foundation of the most fundamental
aspects solid-state NMR, and the chemical shift and homo- and hetero-nuclear dipole-dipole
interactions. Solid-state NMR has advanced sufficiently to enable the structures of membrane
proteins to be determined under near-native conditions in phospholipid bilayers.
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[. Introduction

Membrane proteins and solid-state NMR is an important, topical area of research. NMR is
the most powerful form of spectroscopy, and solid-state NMR is particularly so because of
the retention of the anisotropic character of the nuclear spin interactions in the experimental
results. One-quarter of all proteins encoded in the human genome are membrane proteins,
and many of them have distinctive structures and unique biological functions. Membrane
proteins are generally distinguished from soluble, globular proteins by having a relatively
high percentage of hydrophobic residues, and by their structures being dominated to a large
extent by either a-helices of f-sheet in the two major classes of membrane proteins.
However, it is their association with phospholipid bilayers that uniquely distinguishes them
from soluble proteins. This not only means that they are influenced by a distinctive,
asymmetric chemical environment, but also, more importantly for NMR, that it immobilizes
the polypeptides on the timescale of the chemical shift and dipolar coupling spin
interactions. It is the immobilization of membrane proteins by their interactions with
phospholipids that intimately links membrane proteins and solid-state NMR.
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In unoriented, immobile samples, the chemical shift anisotropy and heteronuclear dipole-
dipole interactions yield powder pattern resonances with frequency breadths of 104-10° Hz,
which is the critical factor for characterizing the dynamics of membrane proteins and
defining the spectroscopic requirements for obtaining high-resolution spectra. Significantly,
in modern NMR experiments the radiofrequency irradiations have magnitudes >10° Hz, the
rates of magic angle sample spinning are typically > 10% Hz, and the receiver bandwidths
can be >10% Hz. All of these factors combine to make high resolution solid-state NMR
feasible, and are necessary for applications to membrane proteins in phospholipid bilayers.

Historically, high-resolution solid-state NMR spectroscopy and NMR of membrane proteins
were developed in parallel, starting at essentially the same time, since the instrumentation
and methods of solid-state NMR suitable for single crystals and powders of organic solids
were also suitable for proteins and phospholipids in membrane bilayers. The initial papers
describing the application of high resolution double resonance solid-state NMR to
membranes [1, 2] were published within a year of those introducing proton-enhanced
nuclear induction spectroscopy. Notably, 50 years after high-resolution NMR spectroscopy
of solids was first developed in the Waugh laboratory at M.I.T. [3-5]; the experiments
continue to be the principal spectroscopic tools for NMR studies of membranes.

The origins of high-resolution solid-state NMR are the same as for the field of NMR
spectroscopy itself. Following the original descriptions of the nuclear resonance phenomena
[6, 7], Pake demonstrated that both characteristic powder patterns and distinct doublets
could be observed from solid samples of water bound to gypsum [8]. Subsequent studies
showed the well-defined effects of motional averaging of powder patterns, which is an
essential characteristic of many materials and especially membrane proteins in phospholipid
bilayers. These motional averaging effects on homonuclear dipole-dipole [9] and chemical
shift anisotropy [10] powder patterns are illustrated in Figure 1. The shape and breadth of a
powder pattern that is averaged by motion along a single axis reflects the angle between the
principal axis of the spin interaction tensor and the axis of motion [11].

The Pake doublet [8] played several roles at the inception of NMR. It demonstrated
experimentally the existence of the homonuclear dipole-dipole interaction between a pair
of IH nuclei. It also demonstrated that the interaction was anisotropic, since an unoriented
sample gave a powder pattern and a single crystal sample gave a single doublet for each
unique site that varied with the orientation of the crystal with respect to the direction of the
magnetic field. In 1948 the instrumentation and experimental methods were extremely
limited in their capabilities. Thus, the Pake experiment depended on isotopic dilution. The
reason that resolved doublets could be observed at all was because each of the water
molecules was relatively isolated from others on the surface of gypsum. In addition to the
other principles, this was the advent of isotopic dilution to isolate and narrow resonances, an
approach that was re-introduced for proteins by Jardetzky and coworkers in 1968 [12], and
is widely used at the present time in both solution NMR and solid-state NMR studies of
proteins [13].

Isotopic dilution was also the key to the demonstration of the nature of the chemical shift
interaction. The characteristic chemical shift anisotropy rotation patterns were observed in
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calcite (CaCOs3) [14]. Studies of dilute spin chemical shifts were transformed by the
introduction of proton enhanced nuclear induction spectroscopy, which simultaneous
increased the sensitivity and removed the severe broadening from bonded and

surrounding 1H nuclei in organic and biochemical compounds. This is illustrated in Figure 2
where multiple, narrow resonances were obtained from a single crystal sample of an organic
compound (durene) [15].

The third spin interaction that is used in solid-state NMR studies of membrane proteins is
the heteronuclear dipole-dipole coupling, which is also an integral part of proton-enhanced
nuclear induction spectroscopy. Because the severe broadening effects of the 1H
homonuclear couplings obscure the presence of the heteronuclear dipolar couplings, they
had to be detected indirectly [16]. Only through experiments that are able to separate the
effects of homo- and hetero-nuclear couplings is it possible to characterize them. Two of the
most popular are rotational-echo double resonance NMR (REDOR) [17] and separated local
field (SLF) [18, 19] spectroscopy. More sophisticated versions of experiments that
effectively decouple the homonuclear interactions while enabling the heteronuclear dipolar
couplings to evolve are in current use, and are a major factor in providing high resolution
multidimensional spectra of membrane proteins.

Il. High resolution solid-state NMR

A universal aim of NMR spectroscopy, regardless of the state of matter, is to obtain “high
resolution” spectra. This means not just narrow resonance lines, as attractive as they are, but
also with regard to obtaining resonances from individual sites, assigning the resonance to a
particular site in the protein, and observing spectral characteristics, i.e. frequencies, line
shapes, splittings, etc., that are associated with a single spin-interaction. Progress in solid-
state NMR as applied to membrane proteins now fully justifies that use of the term “high
resolution.” Membrane proteins with as many as 350 residues have had their spectra
essentially fully resolved and assigned [20].

Recent achievements are built on the fundamentals of NMR spectroscopy as summarized
above. The three basic approaches to obtaining high resolution — motional averaging, spin
dilution, and spin manipulation - are used in solid-state NMR studies of membrane proteins.
It is worth noting that membrane proteins require the full range of solid-state NMR methods
and instrumentation, and this accounts for the relatively long development period from the
first double-resonance spectra of a liposome sample to the complete structures of membrane
proteins that are now being determined [21].

There are multiple parts to the definition of high resolution in NMR, and one of the most
important is that each resonance is associated with a single chemical site. It is essential to
know which site this is. It is equally important that one spin interaction at a time is analyzed.
The separation can occur by removal of interfering interactions, such as with 1H-13C
heteronuclear decoupling. Another approach is through the use of multidimensional NMR,
and the spectral separations and simplifications that result.

In general, magic angle spinning NMR [22, 23] yields high resolution spectra of unoriented
“powder” solids when applied in combination with double-resonance methods [24]. To a
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first approximation, these spectra are equivalent to solution NMR spectra with a single line
resonance for each 1H decoupled 13C site. There are two notable exceptions between direct
comparisons of MAS spectra and solution NMR spectra. One is that when motions with
frequencies near the spinning frequency are present, for example in the hop motions of
amino acid sidechains, then broad or unusual lineshapes can be observed [25]. The second
major source occurs at relatively low magnetic fields and that is that the coupling

between 13C and 14N is not fully averaged by the spinning, yield asymmetric doublets for
the 13C resonances bonded to nitrogens [26]. The substantial nuclear quadrupole interaction
of the 14N tilts the magnetization away from the z-axis, interfering with the averaging
performed by the magic angle spinning.

The combination of cross polarization, IH decoupling and magic angle spinning is an
extremely powerful approach to solid-state NMR [24] and is in wide use in studies of
membrane proteins in phospholipid bilayers. The cost is the loss of structural information
inherent in the spin interactions because so much effort is put into averaging (removing) this
information from the spectra in order to achieve narrow well-resolved signals. Nonetheless,
some experimental measurements are possible in the simplest magic angle spinning regime
because the isotropic chemical shift frequencies, and in some cases lineshapes, are available
for analysis.

For homonuclear couplings, dilute spin exchange [27, 28] is one of the most flexible
methods. Variations of it are in wide use at the present time. Another technique that requires
isotopic arrangement of the sample is homonuclear dipolar recoupling between
appropriately arranged labeled sites [29]. In the sense of measuring distances between two
labeled sites, there are strong similarities between dipolar recoupling [30] and REDOR [17]
experiments. However, they both require spin dilution in order to yield quantitative
measurements. Before the advent of high-speed magic angle spinning and triple-resonance
methods, it was necessary to develop an alternative approach to obtain multiple
measurements for structure determination. And this involved a fourth factor, the
manipulation of the sample so that it was not a powder but rather was uniaxially oriented,
which could be done in a number of ways.

lll. Oriented sample solid-state NMR

Besides magic angle sample spinning, there is a second approach to obtaining high-
resolution solid-state NMR spectra of proteins with single-line resonances, and that is the
use of oriented samples. The archetypical example of an oriented sample, of course, is a
single crystal, which gives single lines for each unique site in the unit cell. A solid-state
NMR spectrum of a single crystal sample of an organic molecule illustrates this in Figure 2
[15].

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 demonstrated with
spectra of mechanically aligned polyethylene [31]. There is only a single type of chemical
group in polyethylene, thus only one signal, as shown in Figure 4. Its importance lies in its
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simplicity, which establishes the basic spectroscopic characteristics of oriented sample solid-
state NMR.

The same oriented sample method outlined above for a synthetic polymer can be applied to
membrane proteins. In oriented sample (OS) solid-state NMR of stationary, aligned samples
of membrane proteins there are two basic approaches to sample alignment. One is
mechanical alignment between glass plates [32-34] and the other is magnetic alignment
using bicelles [35, 36], 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. It
is also 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
[37].

Very highly aligned samples of membrane proteins can be prepared with magnetic
alignment in bicelles [38]. This is shown in Figure 5 for membrane proteins with a range of
sizes, as illustrated with cartoons of the proteins on the top of the Figure. Figure 5D, E, and
F are 3P NMR spectra of the phospholipids that form the bilayers in the samples. The 31p
resonances are narrow, demonstrating that the bilayers are very highly aligned by the
magnetic field. The spectra in Figure 5A, 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 5A, the resonance line widths are quite narrow.

The resonances in the larger proteins are also very narrow, but overlap due to the total
number of similar, helical residues in the proteins.

Aligned samples give chemical shifts that directly contain angular information. This opened
up the field when only single labeled samples were available. It remains useful where simple
information about the alignment of helices is of value. It is very easy to tell the difference
between a helix that is in the plane of the bilayer and one that is trans-membrane. This is
now in wide use because of the interest in structure and orientation of antibiotic peptides
[39, 40] [41].

IV. Separated local field spectroscopy

In the early days of high resolution solid-state NMR, the rotation patterns of the chemical
shift lines were used primarily to determine chemical shift tensors [42]. In order to study
more complex organic and biochemical molecules it was necessary to supplement the
chemical shift frequencies. After the chemical shift, the next most useful interaction and
associated measurements come from the heteronuclear dipolar interactions. The
spectroscopic separation of effects from the chemical shift and heteronuclear dipolar
interactions are manifested in several different ways in solid-state NMR experiments. 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, as do the spectra in Figures 2 and 4. Figure 6 also shows the first experimental
two-dimensional separated local field spectrum [18]. Each signal associated with a 13C
bonded to a single 1H is a doublet of the same fundamental origin as a Pake doublet [8]. In
this case the local fields of the various carbon sites are separated from each other by the
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anisotropic chemical shift frequencies of the carbons. 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 [19].

The chemical shift dimension in separated local field spectra has intrinsically high resolution
because continuous on resonance or modulated 1H irradiation decouples the heteronuclear
dipolar interactions during the interval when the data are acquired. However, even with the
use of homonuclear multiple pulse decoupling the doublets (or multiplets) in the dipolar
frequency dimension are generally quite broad due to the rapid decay of the abundant 1H
signals from incomplete decoupling of the homonuclear dipole-dipole interactions, short
intrinsic T, and cumulative effects of longer-range heteronuclear dipole-dipole interactions.
Regardless, the two-dimensional separated local field spectrum in Figure 6 illustrates the
ability of this approach to associate a single dipolar coupling with each resolved dilute spin
resonance.

Polarization inversion spin-exchange at the magic angle (PISEMA) [43] is a high resolution
version of separated local field spectroscopy. By integrating polarization inversion with
phase and frequency alternated Lee-Goldburg homonuclear decoupling on the H nuclei
following cross-polarization to the 13C or 15N nuclei during the t; interval, very high
resolution two-dimensional chemical shift/heteronuclear dipolar spectra of solid samples can
be obtained. Line widths in the dipolar dimension are reduced by more than an order of
magnitude compared to conventional SLF spectra obtained without homonuclear decoupling
during the t; interval. The combination of narrow lines and favorable scaling factor has a
dramatic effect on the resolution. Indeed, it is now feasible to formulate solid-state NMR
experiments where heteronuclear dipolar coupling frequencies provide a mechanism for
resolution among similar chemical sites. Even more interestingly, dipolar coupling and
chemical shift frequencies can be used in a number of complementary ways to enhance
resolution in reduced or maximum dimensional experiments, and to provide qualitative and
quantitative indices of molecular structure. The spectra enable dipolar couplings to
complement chemical shifts as a mechanism for spectroscopic resolution, as well as provide
measurements of orientationally dependent frequencies for individual molecular sites.

The two-dimensional spectrum in Figure 7 is from the same sample used to obtain the one-
dimensional spectra in Figure 5A 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 [44, 45]. PISA (polarity index slant angle) wheels are extremely
useful in the analysis of spectra of helical proteins

In the meantime the technology of magic angle spinning was advancing. The most obvious
need was for high speed spinning. This advanced incrementally and was especially
impactful when it was possible to routinely possible to spin fast enough to average

out 13C-13C dipolar interactions. This enabled the use of uniformly 13C labeled samples
[46]. The other major advance was in the ability to recouple interactions averaged out by the
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high-speed magic angle spinning. These include the heteronuclear dipole-dipole coupling
[47] and the chemical shift anisotropy [48]. These are very powerful experiments, and are
incorporated into many of the multidimensional experiments used to acquire the frequencies
that serve as constraints for structure determination.

The ability to acquire powder patterns associated with isotropic chemical shifts lies at the
heart of rotationally aligned (RA) solid-state NMR. This makes it possible to observe the
effects of rotational diffusion on the powder patterns, which yields the angle between the
spin interaction tensor and the direction of rotation. In membrane proteins this direction is
the bilayer normal, so there is an equivalence between the angles measured with aligned
sample in the form of single lines and the parallel edge of the motionally average powder
pattern [49].

V. Rotationally aligned solid-state NMR

Rotationally aligned 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 [50, 51] 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 8 by the representation of Singer and Nicholson’s fluid mosaic model of a biological
membrane [52]. Both the phospholipids and the proteins undergo fast rotational diffusion
about the bilayer normal, 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
8, was shown originally to occur by optical methods [50, 51]. Notably, the same
phenomenon was observed in the averaging of lineshapes by NMR. McLaughlin and
coworkers in 1975 [53] 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
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with the normal parallel to the field). Ten years later, in a similar, complementary
experiment Griffin and coworkers [54] demonstrated that the protein bacteriorhodopsin
undergoes rotational diffusion in phosphatidyl choline bilayers because of the averaging of
the 13C’ powder pattern. Contemporaneously, Cornell and coworkers [34, 55] showed

that 13C’ labeled gramicidin undergoes the same type of motional averaging in phospholipid
bilayers. In a highly definitive experiment [56], 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°. In an 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 [57]. 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 9, 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 [54]. 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 9 with experimental data from a helical membrane protein in DMPC
bilayers [58]. A useful way to experimentally monitor the protein rotational diffusion is with
slow (5 kHz) MAS as shown in Figure 9E (fast rotational diffusion of the protein) and
Figure 9F (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 tH-1°N dipolar coupling/23C chemical shift SLF spectrum shown
in Figure 10A contains resonances from all of the protein’s 13Ca sites. Although there is
considerable spectral overlap, an individual resonance assigned to Leu 31 can be identified,
as marked in Figure 10A. The rotationally averaged 1H-1°N dipolar coupling and 1°N CSA
powder patterns associated with each isotropic resonance are characterized with three-
dimensional MAS solid-state NMR experiments [58]. Figure 10B and C contains two-
dimensional 1H-1°N 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 10C). Since we previously verified [49] that the measurement of orientation-
dependent frequencies from the parallel edges of the recoupled, motionally averaged, axially
symmetric powder patterns [8] are identical to those measured from the single line
resonances observed in aligned, stationary samples, the frequencies measured from the

J Magn Reson. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Opella Page 9

spectra in Figure 10 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.

The frequencies measured from the spectra in Figure 10 are interpreted graphically in Figure
11. The experimentally measured, motionally averaged 1H-13C and *H-1°N 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 H-13Ca dipolar coupling restraints and 1N 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.

VI. Example: MerF of the bacterial mercury detoxification system

Bacteria that survive in mercury-polluted environments contain an operon whose proteins
constitute a mercury detoxification system [59] that functions by importing highly toxic
Hg(I1) ions into the cytoplasm of the bacterial cell and enzymatically transforming it to its
less toxic and volatile form Hg(0), which is passively eliminated. Imported Hg(I1) binds to
the periplasmic protein MerP, which delivers it to a membrane protein transporter such as
MerF. The membrane protein is responsible for transporting Hg(ll) across the cell
membrane and delivering it to MerA, the cytoplasmic mercuric reductase, a multi-domain
enzyme that reduces Hg(lIl) to Hg(0). Understanding the molecular mechanism of mercury
detoxification is important for both environmental and biomedical applications of the
components of the bacterial mercury detoxification system. Atomic resolution structures of
MerP and MerA have been determined [60, 61]. Neither MerF nor any other mercury
transport membrane proteins, e.g. MerT, MerC, from various isolates of bacterial mercury
detoxification systems have been crystallized. Therefore, at present, NMR is the only viable
approach to the structure determination of this key component of the detoxification system.
As shown above, solid-state NMR has now been developed sufficiently to determine the
structure a mercury transport membrane protein in phospholipid bilayers.

MerF [62], with 81 residues and two transmembrane helices connected by a short, structured
interhelical loop, is the smallest of the mercury transport membrane proteins. Notably, a pair
of vicinal Cys residues that bind Hg(l1) are associated with each transmembrane helix. Both
Cys pairs are located on the cytoplasmic side of the protein, one pair in the middle of the N-
terminal helix and the other near the C-terminal end of the second helix. They are in
relatively close spatial proximity and one can envision a mechanism whereby the Hg(ll) is
exchanged between the pairs.

The full two-dimensional H-1°N dipolar coupling/13C chemical shift SLF spectrum shown
in Figure 10 contains resonances from all the 13C sites from a truncated form of MerF [58],
which is missing its N- and C-terminal regions that are mobile and unstructured in micelle
preparations [63], Although there is considerable spectral overlap, an individual resonance
assigned to Leu 31 can be identified, as marked in Figure 10A. The rotationally

averaged TH-15N dipolar coupling and 1°N CSA powder patterns associated with each
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isotropic resonance are characterized with three-dimensional MAS solid-state NMR
experiments. Since we previously verified that the measurement of orientation-dependent
frequencies from the parallel edges of the recoupled, motionally averaged, axially symmetric
powder patterns are identical to those measured from the single line resonances observed in
aligned, stationary samples [49], the frequencies measured from the spectra in Figure 10 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.

Full length MerF has two hydrophobic transmembrane helices and a relatively short,
structured inter-helical loop. Four residues at the N-terminus and eleven residues at the C-
terminus are mobile and unstructured in phospholipid bilayers. The three-dimensional
structure [64] shows that the two pairs of Cys residues involved in binding Hg(ll) are in
close proximity on the cytoplasmic side of the phospholipid bilayer. The details of the
transport mechanism of Hg(ll) from MerP to MerA are still unknown. However, the finding
of the pairs of Cys residues of MerF is an important step towards synthesizing a functional
model for metal ion transfer in the bacterial mercury detoxification system.

VII. Enhancements of solid-state NMR experiments

Solid-state NMR and membrane proteins is a rapidly advancing field. It benefits from
improvements in many areas, in particular ultra fast magic angle spinning [65, 66] and
dynamic nuclear polarization [67-69], the addition of paramagnetic reagents to alter
relaxation properties for accelerating signal averaging [70] and for distance measurements
[71-73]. Virtually all of the experiments work better at higher magnetic fields. Therefore, as
ultra high magnetic fields become available all of the experimental measurements improve
and higher sensitivity is obtained.

Much of the advancement is a direct outgrowth of the development of solid-state NMR
spectroscopy as applied to proteins [46] [74—76]. Examples of applications to membrane
proteins include the drug transporter EmrE [77], the calcium ATPase SERCA [78],
cytochrome P 450 oxidoreductase [79], the M2 protein of Influenza virus [80, 81], and G-
protein coupled receptors (GPCRS) [20, 82-84].

Importantly, initial studies of side chains and of complexes have been reported. This
indicates that very high resolution and biologically relevant studies will be feasible in the
near future. 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. The field of NMR studies of
membrane proteins in their native environment is poised for rapid advances.
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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 %2 when stationary
and when in motion about an axis perpendicular to the internuclear axis. From reference [9].
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 [10].
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Figure 2.
High-resolution solid-state 13C NMR spectra of a single crystal of durene. From reference

[15].
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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 [24].
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Figure 4.
Solid-state NMR spectrum of an oriented sample of polyethylene with its long axis parallel

to the direction of the magnetic field. From reference [31].
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Figure 5.
(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 1°N NMR spectra of
uniformly 15N-labeled proteins. D.—F. One-dimensional solid-state 3P NMR spectra of the
phospholipids in the same samples. A, D. The membrane-bound form of the 46-residue Pfl
coat protein. B, E. The 78-residue mercury transport protein MerE. C, F. The 350-residue G-
protein-coupled receptor CXCR1. From reference [38].
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Figure 6.

Pure chemical shift spectrum (top) and SLF spectrum (bottom) for 13C in a single crystal of
calcium formate. From reference [18].
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Figure 7.
Two-dimensional SLF spectrum of uniformly 15N-labeled Pf1 coat protein in DMPC:Triton

X-100 bilayers obtained at 700 MHz. From reference [38].
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globular membrane proteins that are completely or partially embedded within a lipid matrix.

Schematic three-dimensional and cross-sectional views of the “Fluid mosaic model” of
Modified from reference [52].

Figure 8.
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Figure 9.
13¢C solid-state NMR spectra of uniformly 13C/15N labeled MerFt in DMPC

proteoliposomes. The majority of resonance intensity centered near 175 ppm is from 13¢C’
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 [58].
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Page 26

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 H-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 1N 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 1°N chemical shift frequency of 118.6 ppm. D. Two-dimensional 1H-13CA
dipolar coupling/YH-1°N dipolar coupling SLF spectral plane selected from a three-
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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-1°N 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 [58].
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Figure 11.
Orientation of the peptide plane associated with residue L31 based on the experimental data

shown in Figure 10. From reference [85].
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Figure 12.
The three-dimensional structure of MerF is shown as a ribbon diagram in aqua. Both termini

of the protein are in the cytosol. The structure was calculated using the data from reference
[64].
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