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1.Introduction

Not only do membrane proteins represent a substantial fraction of the information in a
genome, but also they are responsible for many essential biological functions, some of
which are unique (e.g., as membrane transporters). Consequently, mutations in genes that
code for membrane proteins can cause human diseases. Thus, there are many reasons that
the structural biology of membrane proteins is of considerable interest in biomedical
research. However, because membrane proteins are not soluble in aqueous solution, only a
few examples have been amendable to experimental structural analysis with X-ray
crystallography and solution nuclear magnetic resonance (NMR) spectroscopy. The
relatively few structures of helical membrane proteins that have been determined provide an
initial view of the design principles involved in the use of helices as structural and functional
elements, setting the stage for the interpretation of new structures of membrane transporters
and other membrane proteins in terms of their functions. NMR spectroscopy is an
extraordinarily powerful method for describing the structure and dynamics of proteins and
other biopolymers, and has the potential to be applied to membrane proteins. Furthermore,
Structure-Activity Relationship (SAR) studies by NMR have become a useful tool for the
discovery and design of drugs that interact with proteins, and also has the potential to be
applied to membrane proteins

2. NMR Spectroscopy

The overall rotational correlation time of a protein, the extent of alignment of the protein
molecules in a sample, and strategy for assignment of the resonances to sites in the protein
are the principal factors that affect NMR structural studies of proteins. For relatively small
globular proteins, the sample conditions, instrumentation, experiments and calculations that
lead to structure determination are well established(1). The chief requirement for the
structure determination of globular proteins is that samples can be prepared of isotopically
labeled polypeptides that are folded in their native conformation and reorient relatively
rapidly in solution. Such samples have been prepared for many hundreds of proteins and it is
likely that this can be done for thousands more of the polypeptide sequences found in
genomes(2). In contrast, each of these factors needs to be revised or developed for
applications of NMR to structure determination of membrane proteins(3).

The rotational correlation time problem is paramount. If the protein reorients rapidly enough
in solution, as is the case for small membrane proteins in optimized micelles, then the
standard methods of NMR can be applied and the structure determined. However, it is not
possible to obtain NMR spectra of slowly orienting or immobile proteins such as membrane
proteins in phospholipid bilayers, using conventional solution NMR methods and
instruments. From the start, NMR studies of membrane proteins require crucial choices
about samples, instrumentation and experimental methods. It is feasible to apply both
solution NMR and solid-state NMR to helical membrane proteins, depending primarily on
the choice of lipid assemblies as well as other sample conditions.
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3. Proteins and Lipids

Membrane proteins require the presence of lipids to maintain their native conformations and
functions. Figure 1 illustrates the types of lipid assemblies used in NMR structural studies of
membrane proteins. The proteins are associated with lipids or mixtures of lipids that self-
assemble into micelles, bicelles, or bilayers in aqueous solution. The properties of the lipid-
protein complex determine the rotational correlation time of the protein molecules. Micelles
can be prepared so that they contain a single polypeptide and reorient rapidly enough for
solution NMR spectroscopy. Micelles are thought to be spherical aggregates of lipids with
the hydrophobic chains on the interior. Samples for solution NMR spectroscopy require the
use of relatively high temperatures and high concentration of lipids that form small
micelles(4), most commonly sodium dodecyl sulfate (SDS), dodecyl phosphocholine (DPC),
or dihexanoy! phosphatidylcholine (DHPC). Bicelles are made from a mixture of long and
short—chain phospholipids that self-assemble into long-chain bilayers that are “capped” by
the short-chain lipids(5). The molar ratios of long-chain and short-chain lipids determine the
size of the bicelles. Small isotropic bicelles can reorient rapidly without a preferred
alignment while larger bicelles form an aligned liquid crystalline phase in the presence of a
strong magnetic field with the bilayer normal perpendicular to the applied magnetic field.
Bilayers are infinitely large in two dimensions, and two molecules thick in the third. In
bilayers, nearly all of the residues in the polypeptide are immobile on time-scales longer that
milliseconds, and the relevant dipolar coupling and chemical shift interactions in individual
backbone sites are not motionally averaged. As a result, bilayer samples of membrane
proteins give very broad and poorly resolved spectra when instruments and methods
appropriate for solution NMR are used. On the other hand, bilayer samples are suitable for
the application of solid-state NMR methods where radio-frequency irradiations replace
molecular reorientation as the principal mechanism of averaging the dipolar couplings
responsible for the line broadening. The solid-state NMR approach that uses stationary,
uniaxially aligned samples(6) is particularly well suited for membrane proteins in lipid
bilayers because the proteins are immobilized and can be highly aligned(7).
Spectroscopically, it is the combination of decoupling and heteronuclear dipolar interactions
and sample alignment that results in narrow, single-line resonances and well-resolved,
orientationally dependent spectra that provide the input for structure determination. There is
a direct mapping of protein structure onto the solid-state NMR spectra of aligned samples,
and the determination of complete three-dimensional structures from the spectra is feasible
when multiple orientationally dependent frequencies are measured for nuclei at each residue.

Samples can be prepared with no, weak or complete alignment of the protein molecules.
Complete alignment is possible only with immobile proteins. Rapidly reorienting proteins
can have either no or weak alignment. The vast majority of NMR studies have been
performed on samples without molecular alignment. This is the case for globular proteins,
which undergo effectively isotropic reorientation in solution. It is also the case for
membrane proteins in micelles and isotropic bicelles. For these samples, structure
determination is based on measurements that reflect internal molecular parameters, such as
nuclear Overhauser enhancements (NOES) that give short-range distance measurements and
variations in isotropic chemical shifts associated with secondary structure(8). In the past few
years, there has been a great deal of interest in weakly aligned samples of proteins,. Because
the proteins are reorienting rapidly, solution NMR methods are used for the measurement of
residual dipolar couplings (RDCs). It is possible to weakly align membrane proteins in
micelles and small bicelles through lanthanide ion(9, 10) and gel methods(11).

Unoriented, immobile samples, including membrane proteins in bilayers, can be studied
using magic-angle, sample spinning (MAS) solid-state NMR spectroscopy(12), where
distances and torsion angles are measured through spectroscopic parameters affected by both
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homonuclear and heteronuclear dipolar interactions. Immobile bilayer samples can be
completely aligned to a degree rivaling that observed in single crystals of small peptides.
Membrane proteins in bilayers can be aligned mechnically between glass plates, while
membrane proteins in large bicelles can be aligned magnetically and then optionally
“flipped” 90° so that the bilayer normal is parallel to the applied magnetic field through the
addition of lanthanide ions(13).

The traditional approach to protein structure determination is based on the same overall
principles, whether solution NMR or solid-state NMR methods are used and whether the
sample is aligned. This involves the resolution of resonances through the use of isotopic
labels and multidimensional NMR experiments, the measurement of spectral parameters
associated with individual resonances (e.g., NOEs, J couplings, dipolar couplings, or
chemical shift frequencies), the assignment of all resonances to specific sites in the protein
and then the calculation of structures. There are examples of the application of this approach
to membrane proteins in micelles(8), bicelles(14) and bilayers(15). The availability of
orientational information associated with individual resonances means that it is now possible
to make effective use of limited amounts of assignment information (i.e. some reidue-type
assignments or a few sequential assignments). It may also be feasible to implement an
“assignment-free” approach(16). The use of either limited or no assignment information
prior to calculating structures greatly speeds the process of structure determination by NMR
spectroscopy, especially in the case of membrane proteins, for which assignments are
difficult to make in nearly all situations because of overlap of resonances and unfavorable
relaxation parameters.

4. The Local Field

“The interaction between two nuclear spins depends on the magnitude and orientation of
their magnetic moments and also the length and orientation of the vector describing their
relative positions”(17). The local field, which results from the interaction of two or more
proximate nuclei, provides a particularly direct source of structural information. Other
nuclear spin interactions, especially the chemical shift, can also provide essential structural
constraints, but their interpretation is generally more complicated and less firmly grounded.
Taken together, the restrictions resulting from measurements of spectral parameters from
several spin interactions, where at least one of them is a local field, are sufficient to
determine the three-dimensional structures of proteins.

It is possible to study unoriented “powder” samples, including membrane proteins with the
use of magic-angle spinning. However, there is a second way to obtain high-resolution
chemical shift spectra of solid-samples, and that entails the use of single crystals, where
depending on the space group, the molecules have only one or a few orientations relative to
each other and the applied magnetic field. Fortunately, it is not necessary to have a single-
crystal sample. One direction of molecular orientation is sufficient, as long as it is parallel to
the magnetic field or the molecules undergo rotational diffusion about a single axis, to give
all of the spectroscopic benefits of sample orientation. It is generally easier to prepare
uniaxially oriented samples, each site on one molecule can be transformed into the identical
site on another molecule through a combination of translation, inversion and rotation
operations about an axis parallel to the direction of the applied magnetic field. As is the case
for single crystals, the spectra of oriented protein samples are characterized by narrow
single-line resonances rather than powder patterns. The resonance frequencies reflect the
orientations of the individual groups and, as a result, the solid-state NMR spectra of oriented
samples are a rich source of structural information.
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The SAMMY pulse sequence(18) is a high-resolution version of separated local field
spectroscopy(19). It utilizes on-resonance “magic sandwich” pulses to accomplish CP
transfer between two spins (i.e. 1°N and H) while effectively decoupling the abundant spins
(*H) during the t1 evolution period of the pulse sequence. Very high-resolution two
dimension heteronuclear dipolar spectra of solid samples can be obtained. The combination
of narrow lines and favorable scaling factor has such a dramatic effect on the appearance of
the spectra that it is now feasible to formulate solid-state NMR experiments where
heteronuclear dipolar coupling frequencies provide a mechanism for resolution among
similar chemical sites. In addition, dipolar coupling and chemical shift frequencies can be
used in a number of complementary ways to enhance resolution in reduced and maximum
dimensional experiments and to provide qualitative and quantitative indications of molecular
structure. Two-dimensional *H/2N SAMMY spectra have narrow linewidths in both the
heteronuclear dipolar coupling and chemical shift frequency dimensions, enabling dipolar
couplings to complement chemical shifts for resolution among sites as well as the
measurement of readily interpretable orientationally dependent frequencies. SAMMY
experiments are being used on a variety of systems, including membrane proteins.

5. Wheels and Waves

The secondary structure and topology of membrane proteins can be determined from the two
dimensional H/2°N SAMMY spectra of uniformly 1°N-labeled samples in oriented bilayers.
The characteristic “wheel-like” patterns of resonances observed in these spectra reflect
helical wheel projections of residues in both transmembrane and in-plane helices and, hence,
provide direct indices of secondary structure and topology of membrane proteins in
phospholipid bilayers. We refer to these patterns as PISA (polarity index slant angle)
wheels(20, 21).

The resonance frequencies in both the 1H/1°N heteronuclear dipolar and 1°N chemical shift
dimensions in SAMMY spectra of aligned samples of membrane proteins depend on helix
orientation, as well as on backbone dihedral angles, the magnitudes and orientations of the
principal elements of the amide 1°N chemical shift tensor, and the N-H bond length.
Consquently, it is possible to calculate spectra for any protein structure(22). The principles
involved in the PISA wheel analysis of helices(23) are illustrated in Fig. 2. In Fig. 2A the
projection down the axis of a helical wheel shows that the 3.6 residues per turn periodicity
characteristic of an a-helix results in an arc of 100° between adjacent residues. The
illustration of a peptide plane in Fig. 2B shows the orientations of the principal axes of the
three operative spin interactions of the 15N labeled amide site. The 17° difference between
the N-H bond axis and the 33 principal element of the amide 1°N chemical shift tensor is of
a PISA wheel. The striking “wheel-like” pattern of the resonances calculated from a two-
dimensional SAMMY spectrum of the ideal helix is shown in Fig. 2C. A PISA wheel
reflects the slant angle (tilt) of the helix and the assignment of the resonances reflects the
polarity index (rotation) of the helix.

When the helix axis is parallel to the bilayer normal, all of the amide sites have an identical
orientation relative to the direction of the applied magnetic field and, therefore, all of the
resonances overlap with the same dipolar coupling and chemical shift frequencies. Tilting
the helix away from the membrane normal results in variations in the orientations of the
amide N-H bond vectors relative to the field. This is seen in the spectra as dispersions
among both the heteronuclear dipolar couplings and chemical shift frequencies. The result is
a “wheel-like pattern” in the SAMMY spectrum like the one illustrated in 2C. Essentially all
trans-membrane helices in membrane proteins are tilted with respect to the bilayer normal,
and it is the combination of the tilt and the 17° difference between the tensor orientations in
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the molecular frame that make it possible to resolve many resonances from residues in
otherwise uniform helices.

Dipolar waves can serve as maps of protein structure in NMR spectra of both weakly and
completely aligned samples(23). The periodicity inherit in secondary structure elements is
key to the use of both PISA wheels and dipolar waves as indices of secondary structure and
topology in membrane proteins. Figure 2C displays a classical two-dimensional PISA wheel
of an a-helix. Figure 2D illustrates the periodic-wavelike variations of the magnitudes of the
static heteronuclear dipolar couplings as a function of residue number. Similar patterns are
observed in RDCs measured for weakly aligned proteins. Simulations like those shown in
Figure 3 of helices with tilt angles of 0, 10, 20, 30 and 40° can be used in conjunction with
experimental spectra to determine the orientation of the helices without making a single
resonance assignment.

6. Application of NMR to an lon Channel

The three-dimensional structures of a number of functional membrane proteins has been
determined by solution(8, 24-32) and solid-state NMR(15, 33-37). In these cases, relatively
large quantities of isotopically labeled protein required for NMR spectroscopy were
prepared by expression of recombinant protein in Esherichia coli. The incorporation of
purified proteins into lipid bilayers has been shown to yield functional channels as
demonstrated by single-channel current recordings under voltage-clamp conditions.

The experimental two-dimensional SAMMY spectrum in Figure 4 of selectively 15N-leucine
labeled Hepatitis C Virus p7 protein in aligned bicelles has reasonable resolution, with each
amide resonance characterized by 15N chemical shift and 1H-1°N dipolar coupling
frequencies. The experimental SAMMY spectrum in Fig. 4 is similar to that of the PISA
wheel in Fig. 2C and, based on simulations, has at least one helix with a tilt angle of about
10°. Differences between an experimental spectrum and a calculated spectrum are a result of
deviations between the experimentally determined backbone dihedral angles and those of an
ideal a-helix and differences resulting from variations of the chemical shift tensors among
the various amide sites.

The polarity of the resonances observed in the “wheel-like” pattern of a SAMMY spectrum
provides a direct measure of the angle of the helix rotation about its long axis within the
membrane. In principle, one well-resolved two-dimensional SAMMY spectrum of an
aligned sample of a uniformly 1°N-labeled protein provides sufficient information for
complete structure determination. The orientationally dependent frequencies associated with
each resonance depends on the magnitudes and orientations of the principal elements of the
spin-interaction tensors in the molecule and on the orientation of the molecular site with
respect to the direction of the applied magnetic field. Because the orientation of the bilayer
is fixed by the method of sample preparation and the properties of the nuclear spin-
interaction tensors are generally well characterized, each frequency reflects the orientation
of a specific site in the protein with respect to the bilayer. The backbone structure of a
protein is defined by the planes formed by the individual rigid peptide bonds and their
directly bonded atoms. This is equivalent to the conventional description by vectors
representing bonds between non-hydrogen atoms. The standard planar peptide geometry
serves as the building block for the structure assembly process. The orientation of a peptide
plane consists of the NMR frequencies measured from a SAMMY spectrum, the magnitudes
and orientations of the principal elements of the amide 1°N and 1H chemical shift tensors,
and the N-H bond length. Once the orientations of all the peptide planes in the protein are
determined from the experimental data, neighboring planes of fixed orientation are
connected through their common a-carbon atom, with the only constraint of a fixed
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tetrahedral angle of 110°. Another program calculates the ¢ and - dihedral angles for the
two contiguous peptide plane combinations that satisfy tetrahedral angle geometry at the a-
carbon.

The advantage of this direct mathematical analysis is that it is possible to determine the
standard deviations in ¢ and . based on uncertainties in the experimentally determined
angles. Another important advantage of the method is that it results in the “piecewise”
assembly of structures. Different parts of the protein structure can be determined
independently. This is not possible in methods for which distance constraints between
different regions of the protein must be established for three-dimensional structure
determination. Because the orientation of individual peptide planes is determined relative to
a unique external reference, any errors are not cumulative.

7. Drug Discovery and Development by NMR

The emergence of Structure Activity Relationship (SAR) studies by NMR(38) has shown
great promise for the identification of lead compounds for drug development (39-45). NMR
can be used to analyze the structural and chemical details of intermolecular interactions
between proteins and small molecules. . In solution NMR a simple correlation spectrum
(e.g., HSQC) can display changes in chemical shifts, an indication of an effect on the local
chemical environment. The use of solid-state NMR, although slightly more laborious in
sample preparation can indicate local as well as global changes in protein structure as a
result of drug interaction. The magnetically aligned bilayer samples can provide information
as to the orientation of the protein before and after the addition of drugs. Such samples avoid
the time correlation problem associated with solution NMR, thus providing the opportunity
to look at larger protein systems in environments similar to the ones used to characterize
their channel activity. Molecules that bind specifically, albeit weakly or in mixtures, to the
protein cause changes in the chemical shift and/or dipolar coupling frequencies of
resonances associated with the residues in the binding site.

An appealing feature of SAR by NMR comes from its ability to identify compounds that
bind to different parts of the protein. With only a basic outline of the protein architecture, it
is possible to link two binding fragments to make a drug candidate that binds with high
affinity and specificity. In solid-state NMR experiments, spectral resolution results from the
orientation dependence of the frequencies in aligned samples; consequently, the resonances
in the spectra are segregated by topology, and residues in loops can be readily differentiated
from those in helices. The trans-membrane helices of tranporter proteins are the likely
binding sites for channel blockers, and amphipathic cytoplasmic domains and basic inter-
helical loops may provide separate binding sites.

8. Summary

Nuclear magnetic resonance structural studies of membrane proteins yield valuable insights
into their structure and topology. For example, the tilt angle and rotation of the helices in an
ion channel can be determined by solid-state NMR spectroscopy in aligned lipid bilayers.
This has important consequences for ion-channel pore geometry and conduction, as it leads
to the assembly of a symmetric, oligomeric, and funnel-like pore with its wide opening at
the N-terminal side of the membrane. Details about the structure of the protein in aligned
phospholipids environments are immediately apparent from inspection of the SAMMY
spectrum and the data can be further used for the determination of atomic resolution three-
dimensional structures. SAR by NMR is a technique that is well suited for the field of
membrane transporter proteins. The experiments on protein/phospholipid samples provide a
unique insight into the interaction of drugs and the functional proteins.
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The advances required to transform solid-state NMR from a spectroscopic technique to a
generally applicable method for determining molecular structures included multiple-pulse

S

equences, double-resonance methods, and separated local field spectroscopy. It also

required improvements in instrumentation, especially the use of high field magnets and

€

fficient probes capable of high-power radio-frequency irradiations at high frequencies. The

pace of development is accelerating and the local field is being utilized in an increasing
number of ways in spectroscopic investigations of molecular structure and dynamics.
Applications to many helical membrane proteins are underway and promise to add to our

u

nderstanding of membrane proteins in health and disease.
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Figure 1.
Representation of proteins in micelles (top), bicelles (middle) and bilayers (bottom).
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Figure2.

Principles of PISA wheels. (A) Helical wheel showing the 100° arc between adjacent
residues that is a consequence of the periodicity of 3.6 residues per turn in an a-helix; (B)
orientations of the principal elements of the spin-interaction tensors associated with 1°N in a
peptide bond. (C) PISA wheel for an ideal a -helix; (D) dipolar wave for an ideal a-helix.
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Figure 3.

Simulated PISA wheel patterns in “unflipped” bicelles undergoing rapid rotational diffusion
for an a-helix with uniform dihedral angles (¢,y) = (-61°, —45°) tilted at 0, 10, 20, 30 and
40° with respect to the bilayer normal.
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Figure4.

Two-dimensional H-15N dipolar coupling and 15N chemical shift solid-state SAMMY
spectrum of selectively labeled 15N leucine HCV p7 in “unflipped” bicelles. A simulated
wheel of 10° has been superimposed to show the approximate tilt angle of the
transmembrane helix.
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