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Abstract

NMR spectroscopy of helical membrane proteins has been very challenging on multiple fronts.
The expression and purification of these proteins while maintaining functionality has consumed
countless graduate student hours. Sample preparations have depended on whether solution or
solid-state NMR spectroscopy was to be performed — neither have been easy. In recent years it has
become increasingly apparent that membrane mimic environments influence the structural result.
Indeed, in these recent years we have rediscovered that Nobel laureate, Christian Anfinsen, did not
say that protein structure was exclusively dictated by the amino acid sequence, but rather by the
sequence in a given environment (Anfinsen, 1973) [106]. The environment matters, molecular
interactions with the membrane environment are significant and many examples of distorted, non-
native membrane protein structures have recently been documented in the literature. However,
solid-state NMR structures of helical membrane proteins in proteoliposomes and bilayers are
proving to be native structures that permit a high resolution characterization of their functional
states. Indeed, solid-state NMR is uniquely able to characterize helical membrane protein
structures in lipid environments without detergents. Recent progress in expression, purification,
reconstitution, sample preparation and in the solid-state NMR spectroscopy of both oriented
samples and magic angle spinning samples has demonstrated that helical membrane protein
structures can be achieved in a timely fashion. Indeed, this is a spectacular opportunity for the
NMR community to have a major impact on biomedical research through the solid-state NMR
spectroscopy of these proteins.
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1. Introduction

No other technology besides solid-state NMR (ssNMR) can characterize membrane protein
structure and dynamics in native-like lipid bilayer environments at atomic resolution. Other
techniques can provide low resolution or specific site information, but only sSNMR has the
demonstrated capability to characterize high resolution structures. Characterization in lipid
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bilayer environments has been demonstrated to be critical for achieving the native structure
of helical membrane proteins. Protein structure is the result of the sum of the intra-protein
interactions and the interactions between the protein and its environment [106]. sSNMR is
currently the structural technique that is capable of providing the most native-like
environment for atomic resolution structural characterizations of membrane proteins. It is
also the only technology that can evaluate protein dynamics under native-like conditions, i.e.
at physiological temperature in liquid crystalline lipid bilayers. These statements need
justification and that is the goal of this perspectives article. Here, we present background
information on membrane proteins and why this environment is both difficult to model and
has such a significant impact on protein structure. Furthermore, we establish a justification
for ssNMR characterizations of membrane protein structures through a discussion of two
structures determined by ssSNMR compared with characterizations by both solution NMR
and X-ray crystallography.

2. Membrane proteins and their environment

Here, the focus is on helical transmembrane (TM) proteins and not on the relatively rare p-
barrel proteins. The tertiary structural stability for these two classes of membrane proteins is
very different. The -strands that form a p-barrel have extensive arrays of hydrogen bonds to
stabilize the tertiary structure in contrast to the weak van der Waals interactions that
typically stabilize membrane proteins with multiple TM helices.

It has been reasoned for a long time that the surface of the protein facing the fatty acyl
environment would be hydrophobic. More than a decade ago when the first structure of the
voltage dependent KvaP K* channel was obtained [1] this concept was revisited. Some
publications supported the concept that arginine sidechains carrying a charge could be
located in the low dielectric fatty acyl environment consistent with this original KvAP
structure [2,3], others disagreed [4]. The voltage sensing domain has multiple Arg residues
on TM helix, S4. In Fig. 1 the structures of tetrameric KcsA, a monomer of KvAP and a
monomer of Kv1.2 are compared. In Fig. 1b none of the TM helices of the voltage sensing
domain (green) span the membrane. In fact, two of the TM helices originate and terminate
near the middle of the lipid bilayer. Today, it is again well appreciated that charged residues
and highly hydrophilic sites are costly from an energetics perspective to place in the fatty
acyl environment. Consequently, it is also well accepted that the KvAP structure is highly
distorted. A more recent structure of the voltage sensing domain (Fig. 1c) from Kv1.2 [5]
presents a credible structure for this domain. All 4 TM helices span the bilayer and TM 4
(labeled S4 in the figure) that carries the arginine residues is in a position packed against the
conductance domain helices of an adjacent monomer (not shown in Fig. 1c, but like those in
Fig. 1a). Not only are charged residues excluded from the protein surface facing the fatty
acyl environment, but highly polar residues such as histidine, aspargine, and glutamine are
virtually non-existent on such surfaces of membrane proteins. Aromatic hydrophilics
(tryptophan and tyrosine) have long been known to form belts on the protein exterior near
the hydrophilic interface that, in part, serve to orient the TM structure relative to its
environment [6]. Serine and occasionally threonine are observed on the exterior (facing the
acyl chains), but they have the ability to hydrogen bond back to the backbone in a helix.
Glycine which has only a hydrogen atom for a sidechain would expose the hydrophilic
backbone to the fatty acyl environment if it was located on the exterior. However, conserved
glycine residues are very rare on the exterior of multi-helix TM proteins [7]. A final note is
that often phenylalanine is found on the hydrophobic exterior, where these sidechains appear
to cover up hydrophilic sites, such as exposed hydroxyl or amide backbone sites. These
observations are useful in recognizing structural perturbations in membrane protein
structures.
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The interior of the TM domain of multi-helix membrane proteins is considerably more
hydrophobic than the water soluble counterparts [8]. During folding, helices appear to be
inserted across the membrane as structural units [9] and once again exposed charges would
need to be accommodated. In addition, by avoiding strong and specific electrostatic
interactions it is easier to rearrange the structure without having to compensate for the
exposure of these charges or highly hydrophilic sites to the hydrophobic environment.
Furthermore, structural rearrangements appear to be a common strategy for achieving a
variety of functional states in helical membrane proteins and therefore, strongly hydrophilic
sites are integrated into the protein interior only when it is essential for protein function.
Specifically, the formation of hydrogen bonds in a low dielectric environment could be a
dangerous folding strategy, since once formed it is difficult to rearrange the hydrogen bond
without water being present. Water is known to be a catalyst for hydrogen bond exchange
[10] and in the membrane interior water is scarce and therefore hydrogen bond lifetimes are
long and structural inter-conversions restricted. As a result it is not surprising that the TM
interior has far fewer charged residues, a reduced number of highly hydrophilic residues and
a normal content of weakly hydrophilic residues [8]. Surprisingly, proline and glycine, the
most significant helix destabilizing residues, are common in TM helices. Proline is unique in
that it does not have an amide hydrogen for hydrogen bonding creating a weak point in
helices that is referred to as a pro-kink site [11]. In other words, this is a site where the helix
may or may not be kinked. Glycine residues may also form pro-kink sites, due to the large
expanse of o, vy torsional space that is uniquely accessible to this residue. Glycine and
alanine residues are commonly used to facilitate helix-helix packing in the TM domain [12—
14]. Since specific electrostatic interactions are scarce numerous van der Waals interactions
are needed to stabilize tertiary structure. By using small residues on one face of the helix (i
toi+4oritoi+7residues) it is possible to have not only increased van der Waals
interactions with a neighboring helix, but also weak electrostatic interactions between the
helical backbones such as C,H-O hydrogen bonds [15]. The overall result is that the glycine
residues are used to stabilize tertiary structure while sacrificing some secondary structural
stability [7].

In addition to matching the low dielectric of the membrane in the fatty acyl region with that
in the protein, much has been written about hydrophobic mismatch between the hydrophobic
length of the protein and the thickness of the membrane environment [16-19]. The lipid
compositions of membranes vary and even the composition of membranes in which a given
protein is fully functional varies over the lifecycle of a cell or during various stress
conditions. Consequently, the protein needs to function under a variety of lipid conditions
[20]. This is further complicated in that the inner and outer leaflets of membranes have
different compositions. The most dramatic differences occur between the liquid crystalline
domains and domains, known as rafts that are purported to have a high composition of
sphingomyelin and cholesterol [21-23]. Sphingomyelin and cholesterol reduce the fluidity
and increase the hydrophobic thickness of the membrane. Not surprisingly, these raft-like
domains appear to solubilize different proteins than those that are soluble in liquid
crystalline domains. One of the clear examples of these raft-like domains is observed in the
budding of influenza viral particles from cellular membranes [24]. Neurominidase and
haemagglutinin are tethered to these domains by their relatively long hydrophobic helices.
The M2 protein is also part of the viral particle, but is thought to be trapped in a small region
of liquid crystalline lipid [25] from the environment surrounding the raft-like domain. Most
of the variations in lipid composition for membrane proteins do not result in such significant
changes in the hydrophobic thickness of membranes. An important property of these lipid
bilayers, in addition to the hydrophobic thickness, is the profile of lateral pressure, which
stems from a dramatic hydrophilic/hydrophobic boundary in the glycerol backbone region of
the bilayer [26]. Such a pressure profile may have significant structural implications for TM
proteins [27,28].
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The lipid backbone (glycerol moiety) and phosphorus-headgroup region of the lipids form
the interfacial region between the bulk aqueous environment and the hydrophobic fatty acyl
region of the membrane interior. The two interfacial regions have almost the same thickness
as the hydrophobic domain of the membrane (see Fig. 1) [29]. This is a region that includes
a hydrophilic domain with a dielectric constant that ranges upward to three times that of the
bulk aqueous environment [30]. As a result electrostatic interactions will be weakened and
their range shortened. The corresponding region in TM membrane proteins is often where
ligands bind and therefore, an understanding of the structure and dynamics in this region is
of great importance. However, this is the poorest understood structural domain of membrane
proteins, since membrane mimetic models used for structural studies are weakest in the
interfacial region and our ability to recognize native-like structure in this region is also very
poor. Promising results from ssNMR have suggested that this will be another major strength
for this spectroscopy [31,32] although few efforts have attempted to model the complex
mixture of headgroups present in native membranes. Potentially, the studies of membrane
proteins in cells or in cellular membranes [33—38] will lead to structural characterizations of
proteins in a membrane that includes all of this complexity.

3. Implications for membrane protein structural biology

The complexity of the membrane environment generates an anisotropic environment for the
protein in which these proteins are oriented with respect to this environment to carry out
specific functions. For water soluble proteins the aqueous media is an isotropic environment
for their functions, and this environment is also used in the preparation of crystals for X-ray
diffraction or samples for solution NMR spectroscopy. In other words the environment for
water soluble proteins has been mimicked very well for their structural studies and the
resultant protein structures have been excellent representations of these water soluble
proteins in their native environment. This success generated a reputation that has been
assumed to hold for structural studies of membrane proteins. However, the environment for
membrane proteins is extremely difficult to model without the use of lipids, their fatty acyl
chains, their head-groups, and their extreme amphipathic character. In Fig. 2 the structure of
the M2 protein embedded in a lipid bilayer of dioleoylphosphatidylcholine and
dioleoylphosphatidylethanolamine is presented showing the match of the hydrophobic
surface of M2 with the hydrophobic domain of the bilayer. In addition, a relatively thick
interfacial region between the bulk agueous environment and the fatty-acyl environments is
clearly identified by the oxygen and nitrogen atoms of the headgroups. In aqueous
preparations of lipids, monomers exist in equilibrium with aggregates that form lipid
bilayers. The concentration of monomers in such preparations is on the order of nM.
However, in modeling the membrane environment with detergents the concentration of
monomeric detergents in the presence of micelles is often 6 orders of magnitude greater (i.e.
in the mM range). Such high concentrations of monomeric organics can cause considerable
problems by penetrating into membrane protein structures in ways that are not native-like
[27]. Moreover, it is very difficult to match the hydrophobicity of the native membrane
interior or the hydrophilicity of the head-group region of membranes with detergent based
environments. In addition, the well-defined hydrophabic thickness of lipid bilayers is not
well defined by detergent micelles that have variable hydrophobic dimensions [39].

When considering the influence of the membrane environment on the structure of membrane
proteins, the size of the protein is significant. Very large membrane proteins or membrane
protein complexes, such as electron transport or light harvesting complexes have a relatively
small portion of their stabilizing interactions with the environment. In comparison
monomeric proteins or small oligomeric structures, such as the four helix bundle of the M2
protein from Influenza A virus has a substantial surface area for each helix exposed to the
fatty acyl environment. Consequently, crystal structures of large complexes may be more
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likely to be native-like while smaller proteins, such as M2 or protein domains or the voltage
sensing domain of KvAP (Fig. 1) may be more sensitive to the environment and hence at
greater risk for structural deformations from a detergent-based membrane mimetic. In
addition, many membrane proteins have cofactors, such as heme groups that can stabilize
complexes through their interactions with helical bundles. As a result, the structural
perturbations induced by membrane mimetics are typically associated with those membrane
proteins that are not stabilized with cofactors. However, even structures with 10 or more TM
helices have been shown to be destabilized and distorted by membrane mimetic
environments [27,28] and therefore there is a large class of proteins that need to be
characterized in a lipid bilayer environment. Moreover, what has been established is a
critique of the TM domains and not of the entire membrane protein structure. For the
interfacial domains there is much less understanding of native vs. non-native structures.

For crystallography site specific interactions between unit cells are required to form well-
diffracting crystals. Such interactions are not compatible with a liquid crystalline lipid
bilayer and consequently the environment has to be mimicked using detergent solutions.
Recently, however, an increasing number of crystals have been formed with an environment
that includes some lipids. Such efforts appear to be improving the crystallographic results.
Moreover, to crystallize membrane proteins from bicelles [40,41], representing a mixture of
detergents and lipids, or a detergent based cubic phase [42—44] seem to hold promise for
better structures. Unfortunately, these crystal environments all include crystal contacts
between proteins that can lead to structural deformations [45,46]. These contacts are more
damaging in membrane proteins, because the helix-helix interactions are relatively weak.
For solution NMR the use of detergent micelles results in a single aqueous-detergent
interface, more significant water penetration into the hydrophobic core, and a weak lateral
pressure profile [27,28,47]. The use of amphipols to surround the hydrophobic core of
membrane proteins [48,49] or nanodiscs [50-52] that trap lipids surrounding the protein in a
small disk provide better membrane mimetic environments, but only limited results for
helical membrane proteins have been obtained to date.

4. Understanding membrane protein biophysics from ssNMR structures

While relatively few ssSNMR structures have been deposited in the Protein Data Bank there
have been enough to clearly show that this technology is the structural technology for helical
membrane proteins especially those, whose structure is significantly influenced by the
membrane environment. Here, we present only two of these solid state NMR structures that
provide important insights into the influence of the environment on the protein structure.

The first structure in a lipid bilayer — Gramicidin A

The first structural characterization in a lipid bilayer of a functioning ‘protein,” was the
monovalent cation selective channel, gramicidin A (gA). The structure and dynamics,
including the backbone and sidechains were characterized in a liquid crystalline lipid
environment at 30 °C (Fig. 3a and b) [53-55]. This 15 amino acid peptide has an alternating
pattern of L and D amino acids leading to a f-strand in which all of the side-chains are on
one side of the strand that wraps into a helix with 6.3 residues per turn. This unique
structure, known as a “head to head” single stranded dimer (i.e. amino terminus to amino
terminus dimer) was characterized with orientational restraints from 1°N anisotropic
chemical shifts, 15’N-1H and 15N-13C dipolar interactions, as well as 2H quadrupolar
interactions using uniformly aligned lipid bilayer samples. The dynamics in the backbone
were characterized from powder pattern averaging [56] and from anisotropic 1°N T4
relaxation measurements [57,58]. The dimeric nature of the structure was determined from
REDOR distance measurements between the monomers [59,60]. Note that the backbone
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amides line an aqueous pore and that the indole N-H groups are all positioned so as to
hydrogen bond with hydrophilic sites in the interfacial region of the lipid bilayer.

Not only was this the first structure determined in a liquid crystalline lipid bilayer, but it was
the first TM structure determined by sSNMR. The resolution of the structure was very high
due to the nature of the orientational restraints. Today, such absolute restraints are more
widely appreciated because of their use in solution NMR as residual dipolar restraints [61].
In sSNMR there is the added advantage that the alignment tensor is fixed by the glass slides
used for alignment, such that the normal to the bilayer is parallel with the axis of the
magnetic field. In gA the backbone torsion angles were determined within 3° [54,62].
Because of the accuracy of the restraints only four restraints per peptide plane were needed
to achieve such high resolution. This illustrated the advantage of absolute restraints over the
use of distance or torsional restraints alone that are classified as relative restraints. In other
words each distance or torsional restraint, restricts one portion of the structure with respect
to another portion of the structure, as opposed to absolute restraints that characterize one
portion of the structure relative to a laboratory fixed axis frame. For gA, the torsion angles
for the conformational states of the side chains were characterized to within 10° [54] and
high resolution models for the side chain motions were also characterized [63,64]. While the
single site-specific labeling strategy used for gA is not generally applicable to membrane
proteins that cannot be economically synthesized via a chemical synthesis strategy, the gA
structure demonstrated that these orientational restraints could be used to characterize high
resolution structure.

Other structures of gA have been obtained, several by solution NMR spectroscopy in
organic solvents and others in detergent micelles. Only these latter structures are consistent
with the structure characterized by ssSNMR [65-67]. However, none of the multiple X-ray
structures have achieved the native ‘head to head’ conformation that forms the monovalent
cation selective channel. While both 1ALX [68] and 2XDC [45] (Fig. 3c—f) have claimed to
be the native structure in lipid bilayers we have shown that this conformation does not
support a hydrated pore for conductance [59]. We were able to show this by replacing the
four tryptophan residues with phenylalanine and in so doing the intertwined double helix
(Fig. 3c and d) is the minimum energy conformation in the lipid bilayer. However, unlike
the *head to head’ structure (Fig. 3a and b) where the backbone amide protons exchange for
deuterium — this intertwined double helical structure does not [59]. Indeed, the wild type
(i.e. with tryptophan) intertwined double helical structures represent minimum energy
conformations only in isotropic or nearly isotropic environments. The reason that these
structures are not the minimum energy conformation in lipid bilayers is that the 4 tryptophan
residues (in the C-terminal half of the sequence) are distributed over the entire length of an
antiparallel double helix thereby burying some of the indoles near the bilayer center (Fig. 3¢
and e). The head to head dimer places all of these indoles within hydrogen bonding distance
of the lipid interface (Fig. 3a). In other words, the membrane environment has dictated the
structure of this peptide while the crystal lattice environment tolerates or stabilizes the
hydrophilic indoles in the interstices of what would be a very low dielectric of fatty acyl
native environment. The larger pore intertwined double helix structure [69] shown in Fig. 3e
and f has not been observed in lipid bilayers [59].

Another critical lesson from the studies of gA was that the kinetics of the conformational
interchange between various double stranded and single stranded structures was very slow in
a lipid bilayer resulting in a half life for the antiparallel double helix of approximately 3
days at 69 °C in DMPC bilayers [70]. In other words, the ability to break and reform the set
of hydrogen bonds in the backbone was severely compromised by the low dielectric of the
lipid bilayer and the lack of an aqueous environment. In fact, the catalysis for this process in
mixed organic solvents was shown to be dependent on the protic solvent concentration with
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a dramatic cooperativity index (a Hill coefficient) of 6.5. In the lipid bilayer the catalyst for
hydrogen bond exchange would be the water molecules. Since water is at a very low
concentration the process is indeed slow suggesting that in general, the rearrangement of
hydrogen bonds is difficult in the TM environment. This explains why helices are not
expected to form from a random coil in the bilayer interior, but rather are proposed to form
in the interfacial region and are then inserted across the bilayer [9]. Consequently, one might
expect to see the potential for forming inter-helix hydrogen bonds to be rare in the TM
domains unless there is access to water through, for instance, a hydrophilic pore. Otherwise
the formation of an unintended hydrogen bond could result in misfolding [71].

The proton channel of influenza A — The M2 protein

The TM helix of the influenza A M2 proton channel was first characterized in 2001 [72] and
in 2002 a tetrameric structure of the M2 proton channel was published based on additional
interhelical distance restraints [73]. What was striking about these data was the uniformity
of the helical structures [74]. During this time it was discovered that images of the helical
wheels were observed in the Separated Local Field spectra obtained with the PISEMA pulse
sequence [75] where the 1°N anisotropic chemical shift and 2°N-1H dipolar spin interactions
are correlated [76,77]. These patterns, known as PISA wheels, are remarkably sensitive to
the local structure. Even though the chemical shift tensors vary somewhat from residue to
residue, the positions of the resonances in the spectra (with the exception of glycine) are
dominated by small structural perturbations and not so significantly by the variation in
tensor element magnitudes or orientations. Calculations of the PISA wheels, assuming
uniform tensors demonstrate that a variation of only £6° in the backbone torsion angles
virtually obliterates the PISA wheel pattern [11,78]. Consequently, the observation of such a
pattern defines a relatively uniform set of helical torsion angles. These patterns have now
been obtained from many different proteins, not always for the full length of the helix,
because occasionally kinks in the structure occur. For instance, the M2 TM helices have
kinked helices when the pore is blocked by amantadine [79] resulting in different PISA
wheels for the N- and C-terminal helical segments.

This helix uniformity stems from the strengthening of the hydrogen bonds in the helices due
to the low dielectric environment. As the crystal structures have improved in resolution so
has the uniformity of the helices characterized by X-ray diffraction [78]. This helix
uniformity generates a structural challenge for membrane proteins that are dependent upon a
variety of conformational states for their functional activities. Glycine and proline residues,
as mentioned earlier, reduce the secondary structural stability so that deformations of these
helices can take place [7], such as the kink in the vicinity of Gly34 in the M2 proton
channel, mentioned above [79], or in the M2 conductance domain without the inhibitor [80].

For gramicidin we needed four orientational restraints per residue to characterize the
backbone torsion angles and to eliminate degenerate solutions. For these a-helical
structures, the PISA wheel identifies a resonance pattern with 3.6 residues per repeat
limiting the range of possible torsion angles to those in the vicinity of an a-helix.
Consequently, only two specific-site restraints per residue are required to accurately and
unambiguously define the orientation of the peptide plane excluding what would otherwise
be a substantial range of degenerate solutions [81].

In 2008 the first crystal structures of the M2 TM domain were achieved with and without
drug bound [82]. The structure without drug (Fig. 4a and b) was an asymmetric tetramer
resulting from two non-native interactions. First, antiparallel tetramers were packed in the
crystal lattice sharing an extensive van der Waals surface and a salt bridge between
tetramers. Additionally, both polyethylene glycol and octylglucoside molecules were
embedded in what would be the pore of this proton channel, presumably the result of a high
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concentration of monomeric organics in this environment [28,39]. In fact, one of the glucose
residues (from octylglucoside) hydrogen bonds with one of the unique His37 residues that is
responsible for the proton selectivity of this channel. The overall result is an asymmetric
tetramer having splayed helices and fenestrations from the aqueous pore into the fatty acyl
environment for nearly two-thirds of the membrane thickness. It is clear that the membrane
mimetic used has not adequately modeled the native membrane environment for this crystal
structure.

Also in 2008 a solution NMR structure of the conductance domain including the
amphipathic helix on the C-terminal side of the TM helix was characterized (Fig. 4c and d)
[83]. However, this amphipathic helix did not interact with the micelle surface, but instead,
formed a four helix bundle in the bulk aqueous environment. This structure in DHPC
micelles, did not bind drug in the pore, but on the external surface in a fourfold symmetric
fashion. Importantly, the TM helix tilt was only 16° with respect to the axis of the pore [8], a
much smaller angle than what had previously been observed for the tilt of these helices in
the bilayer solubilized TM domain structures and for the full length protein [79,84]. This
small tilt angle from the solution NMR structure suggested that the pore entrance was too
narrow for the drug to enter and consequently, the drug bound to an external site [85]. This
external site is in close proximity to the binding site for the drug in the lipid bilayer and the
specific site on the protein has been recognized as a secondary low affinity site by REDOR
experiments performed on the TM domain in lipid bilayers [86]. The variable hydrophobic
thickness allowed by detergent micelles has resulted in a more tightly packed bundle of
helices compared to the native structure that permits drug binding in the pore. Moreover, the
surface of the micelle did not attract the amphipathic helix, which had been shown to bind to
the lipid surface in a 2002 study of the full length protein [84]. Once again a poor membrane
mimetic environment has resulted in a structure that is non-native and misleading.

In 2010 the conductance domain structure of wild type M2 was characterized in DOPC/
DOPE lipids using OS ssNMR (Fig. 4e and f) [80]. Like the other a-helical structures
characterized using orientational restraints, this structure has a high resolution backbone
conformation from these restraints. The tilt of the N-terminal half of the TM helices is 32°
generating an N-terminal access for drug binding similar to the values determined from the
shorter TM domain constructs, but twice the value obtained from the solution NMR
structure. The structure in lipid bilayers has no fenestrations to the fatty acyl environment
and the amphipathic helix is embedded in the lipid bilayer interfacial region. In fact, the
binding of the amphipathic helix to the lipid bilayer eliminates the secondary drug binding
site, since two of the sidechains from the amphipathic helix pack into the hydrophaobic
pocket that generated this secondary binding site [80]. In addition, a small set of distance
restraints from MAS ssNMR defined the quaternary structure. Uniquely, the His37 pKas
(8.2, 8.2, 6.3 and <5.0) determined in 2006 [87] led to a detailed model for proton specificity
and conductance in this channel through the formation of a dimer-of-dimers structure for
these imidazole sidechains at neutral pH. This structure resulted in a shared charge between
adjacent imidazoles thereby reducing charge repulsion in this low dielectric environment
[87,88]. A great deal of biophysical data supports this model as do numerous interhelical
distances from these imidazoles obtained using MAS ssNMR in the conductance domain
and in the full length protein [89,90].

Even though these three wild type structures from X-ray diffraction, solution and solid-state
NMR are all tetrameric with a TM helix spanning the membrane, it is clear that the helices
have packed differently in these structures with important implications for the pore and the
channel’s functional mechanism. Clearly, the structure obtained in liquid crystalline lipid
bilayers has uniquely generated a native-like structure upon which biological understanding
can be reliably based.
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Initial studies of the full length M2 protein using MAS spectroscopy have been published
[38,90,91], suggesting that the histidine tetrad functions similarly in the full length
compared with the conductance domain, however a detailed pH titration and assignment of
the resonances is needed. Recently, the MAS spectra of 13C labeled valine full length M2
obtained from isolated Escherichia coli membranes, where the M2 was expressed is the
same as that following isolation, purification and reconstitution in synthetic lipid bilayers
[38]. Once again, it is clear that the robust and native-like environment for membrane
proteins is a lipid bilayer.

5. A central role for ssNMR of membrane protein structural biology

There may be no other major field of research where sSNMR spectroscopy is needed more
than for the structures of helical membrane proteins. There is no other approach that can
characterize these proteins at atomic resolution in their native-like lipid bilayer environment
or even in situ environments [34,35,37,92,93]. Furthermore, these environments are a major
contributor to the mix of molecular interactions that stabilize the tertiary and quaternary
structures of, especially small helical membranes proteins, i.e. those with 10 or fewer TM
helices. It is now clear from the considerable number of helical membrane protein structures
in the Protein Data Bank that have been characterized by X-ray crystallography and solution
NMR in detergent based environments that these environments often, do not provide the
native set of molecular interactions that stabilize the native structure of these proteins
[27,28].

Shown in Fig. 5 is a comparison of a few resonance frequencies observed by OS ssNMR
from the WT M2 (22-62; 2L.0J) in lipid bilayers (Fig. 4e and f) with the predicted OS
ssNMR frequencies based on the coordinates from the 2RLF solution NMR structure of WT
M2 (19-61) (Fig. 4c and d) and the 3BKD crystal structure of M2 (22-46) (Fig. 4a and b).
This latter structure has an lle to SelenoMet mutation. There are other crystal and solution
NMR structures, but they have either thermo-stabilizing mutations or are drug resistant
mutants of the wild type sequence. The solution NMR structure had a set of fourfold
symmetric restraints, but was refined without symmetry imposed. While the anisotropic
chemical shift and dipolar interaction predictions are quite similar for the four monomers,
what is shown in Fig. 5 is the monomer that represented the best fit to the observed sSNMR
data. Many of the predicted resonance frequencies are quite similar (W41, H37, L43 F55,
and L59), however S31, L46, FA7 are not close. The tilt of the TM helices in the N-terminus
differ by ~16° accounting for the S31 deviation. In addition, the data for L46 and F47 show
a dramatic kink between the TM and amphipathic helices in 2L0J, while in 2RLF there is
loop between these helices. The data comparison of predicted and observed data for F55 and
L59 suggest similar structures, but there is little chemical shift dispersion for these helices
that are nearly parallel to the bilayer surface. The displacement of the amphipathic helix into
the aqueous environment and away from the bilayer surface is a structural detail that is not
picked up by the orientational restraints. A calculation of the anisotropic chemical shift root
mean square deviation (RMSD) between the observed 2L0J data and the predicted date from
2RLF is 28 ppm and for the dipolar interaction, 2.4 kHz.

To put these deviations in perspective calculations have also been performed on a recent X-
ray crystal structure [44] of diacylglycerol kinase (DgkA) characterized in a lipidic cubic
phase (Murray and Cross, to be published). This is a trimeric structure and the best fit
monomer (one not involved in crystal contacts) resulted in an anisotropic chemical shift
RMSD with previously published OS ssNMR data [94] of 5 ppm and 0.5 kHz RMSD for the
dipolar interactions. Consequently, the RMSD calculated here between the observed data
and that predicted for the M2 solution NMR structure shows a factor of 5 larger deviations
than those observed for the DgkA crystal structure, where a good fit that is almost within the

J Magn Reson. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cross et al.

Page 10

experimental error is obtained. This is not to say that lipidic cubic phase (actually a
detergent phase) is the crystallographic answer for modeling the membrane environment. It
was further shown that crystal contacts significantly distorted the other monomers in the
structure and thermal stabilization mutations distorted the non-WT structures. Moreover, as
alluded to above, the crystal structure of gramicidin A, 2XDC, was obtained from lipidic
cubic phase that did not support the native gramicidin A structure [45,46].

The predicted resonances for the M2 crystal structure display dramatic asymmetry in the
tetramer. None of the helices fit the experimental data well. Since L46 is the final residue in
this construct we did not include it in a calculation of RMS deviations for the anisotropic
chemical shift and dipolar interactions. The two helices that most closely fit have an RMSD
for the chemical shift of 22 and 26 ppm, similar to that observed for the calculation from the
solution NMR structure, however, the RMSD for the dipolar interactions is smaller ~0.7
kHz for the best helix and 1.5 kHz for the second best. The other two helices are much
worse. The asymmetry in the X-ray structure has implications for discussions of proton
conductance mechanisms and indeed, the authors when they published this structure chose
to consider the structure to be a hybrid of two functional states [82]. Unfortunately, there is
no justification for this, since the cause of the asymmetry is the presence of detergents
wedged between the helices interacting with the functionally important H37 and W41
residues [39]. In addition, there are major crystal contacts that appear to further influence the
structure [27].

Importantly, we have demonstrated here, a way in which OS ssNMR data can be used to
validate structures that are not obtained in a lipid bilayer environment. For the DgkA
validation we used data from two amino acid labeled samples — methionine and tryptophan
that were published years before the crystal structure. It was not necessary to have the
individual resonances assigned to make a quality assessment of the structure. There is also a
solution NMR structure of DgkA [95], again published after the OS ssNMR data [94] and
this structure displays much larger RMS deviations between predicted and observed OS data
from the structure obtained in liquid crystalline lipid bilayers (Murray and Cross, to be
published).

Impediments for the characterization of membrane protein structures by ssSNMR
spectroscopy are rapidly disappearing. Strategies for the heterologous expression of these
proteins are well refined and described in the literature, as are strategies for the extraction of
membrane proteins from the cellular membrane or from inclusion bodies. Affinity
chromatography has revolutionized the purification of these proteins and reconstitution into
lipid bilayers is becoming much better understood. We and others find that the final and
complete removal of detergent is critical for generating a homogeneous preparation that
provides good line widths [96]. Removal of detergents is also important for the stability of
the sample. Multiple approaches can be used to characterize trace quantities of detergent,
such as evaporative light scattering [97].

The preparation of oriented samples has long been viewed as a tedious process, and the
uniformity of alignment has often been highly variable. By eliminating the detergent and by
carefully controlling the hydration conditions our current protocol is robust and can be
performed by multiple individuals with very similar results [96]. Along with improvements
in the uniformity of alignment has come consequential improvements in both spectral
resolution and sensitivity. Orientational restraints that were pioneered with single site labels
can now be achieved from amino acid specific labels of proteins generating dozens of
restraints per spectrum [98]. The samples are approximately 40-50% by weight water and
the molar ratio of protein:lipid is between 1:50 and 1:100 resulting in approximately 5-10
mgs of protein per sample. Such quantities of protein are readily achieved by current
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expression systems for proteins under 25 kDa. It is also possible to obtain orientational
restraints from MAS spectroscopy of liposome preparations above the lipid phase transition
temperature, using a technique known as rotational alignment [99].

Importantly, this structural approach is also dependent on obtaining sparse distance
restraints. The uniformity of the helical structures coupled with limited variation in amino
acid composition has resulted in very limited dispersion for many of the MAS resonances

in 13C-13C correlations spectra, especially for the hydrophobic amino acids that are so
common. The quality of the MAS spectra have also been improving and importantly this is
true for proteoliposome spectra, where the proteins are also in a native-like environment
[36,90,100-104]. Indeed, the protocols that we use for MAS and OS sample preparations are
identical up to the point where we spread proteoliposomes onto glass slides. From our
perspective the careful and complete elimination of detergents from the sample has
improved both the OS and MAS samples.

As importantly as sample preparation, the use of orientational restraints permits a great
reduction in the number of distance restraints required for achieving a unique structural
solution [98]. While the orientational restraints only provide secondary structural solutions
they also orient the helices with respect to the bilayer normal both in terms of tilt and
rotation angle. The result is an even further reduction in the number of distances required to
achieve a membrane protein structure, at least for the structure of the TM domain.
Consequently, a complete and unambiguous set of resonance assignments for the MAS
spectra is not needed. Instead, unique assignments for the more unusual amino acid residues
in the TM helices are needed. This greatly reduces the challenge for obtaining distance
restraints. While many PhD dissertations were required for each of the structures of
gramicidin A and M2, today the structure of membrane proteins with 2 and 3 TM helices
can be achieved by a single PhD student, even from first expression through the
development of purification and reconstitution to OS and MAS ssNMR data collection and
analysis.

There is no substitute for the proven structural technology of sSNMR that can characterize
the native structures of this very large and vitally important class of proteins in a native-like
environment that clearly influences their structure. A major investment in biological sSSNMR
instrumentation is needed so that many researchers can have access to the tools required to
characterize these structures in native-like lipid bilayer preparations to address this structural
biology challenge.
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Fig. 1.

Crystal structures of (a) the tetrameric KcsA (PDB: 1BL8) [105] and the monomers of (b)
KVAP (10RQ) [1] and (c) Kv1.2 (PDB: 3LUT) [5] to simplify the view of these large
structures. The conductance domain is in gray, the voltage sensing domain of KvAP and
Kv1.2 with 4 TM helices is in green. The hydrophilic interfacial regions are pale blue bands
underlying the three structures. The electron density associated with partial occupancy of the
K* ions is shown in purple. These ions and the conductance domain provide an accurate
picture of the bilayer normal for orienting these structures.
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Fig. 2.

The conductance domain of the M2 proton channel from Influenza A shown in a lipid
bilayer of dioleoylphosphatidylcholine and dioleoylphoshatidylethanolamine in which the
structural data were obtained and in which the structure was refined using restrained
molecular dynamics (PDB: 2L.0J) [80]. The protein structure shown in yellow with a helical
cartoon and sticks for the heavy atoms is a tetrameric structure composed of a TM and an
amphipathic helix, the latter interacting with both the hydrophobic and hydrophilic regions
of the bilayer. The heavy atoms of the lipids are shown as space filling spheres. Carbon is
green or yellow, oxygen is red, phosphorous is orange, and nitrogen is blue.
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Fig. 3.

Dimeric gramicidin A structures viewed perpendicular (top) and parallel (bottom) to the
pore axis (bottom). (a and b) The *head to head’ single stranded structure known to be a
monovalent cation selective channel in membranes (PDB: 1IMAG) [55]; (c and d) double
helical antiparallel structure, not observed in lipid bilayers (PDB: 2XDC) [45]; and (e and f)
another double helical antiparallel structure this time Cs* bound in the pore, but again, not
observed in lipid bilayers (PDB: 1GMK) [69].
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Fig. 4.

Structures of the M2 proton channel from Influenza A viewed perpendicular (top) and
parallel (bottom) to the pore axis (bottom). The hydrophilic interfacial regions are pale
yellow bands underlying the three structures and in between is the hydrophobic region of the
bilayer. (a and b) An asymmetric X-ray crystal structure (PDB: 3BKD) [82] of the TM
domain (residues 22—-46) obtained from detergent based crystals; (¢ and d) a solution NMR
structure of the conductance domain obtained from DHPC micelles (residues 18-60, PDB:
2RLF) [83] with bound rimantadine on the lipid facing surface (space filling view); (e and f)
a SSNMR structure of the conductance domain (residues 22-62, PDB: 2L0J) [80] from liquid
crystalline bilayers of DOPC and DOPE. The His37 residues shown in space filling view.

J Magn Reson. Author manuscript; available in PMC 2015 February 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Cross et al.

10

15N - TH Dipolar Interaction (kHz)

31 . .31

O31
.841 31
w41. S31~
L46.

6 .O.us L59, 5. .
H37. 37 .46 59' 47

41

43 .
- . 46
37
.46

0
250

Fig. 5.

225 200 175 150 125 100 75
15N Anisotropic Chemical Shift (ppm)

Comparison of a sample of observed and predicted OS ssNMR data from wild type
constructs of the Influenza A M2 protein. (Red) Observed resonance frequencies for S31,
H37, W41, L43, L46, F47, F55, and L59 from M2 (22-62) in liquid crystalline lipid bilayers
used to define the 2L0J structure [80]. The letter designations are used only for the 2L.0J
resonances. (Purple) Predicted resonance frequencies from the solution NMR structure

(2RLF) [83] in detergent micelles of M2 (19-61) for the same sites. (Green) Predicted
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resonance frequencies from the X-ray crystal structure (3BKD) [82] in detergent based
crystals of M2 (22-46) for the same sites except for F47, F55, and L59 which were not in

this construct. 3BKD is an asymmetric structure and hence the four helices give rise to

different resonance frequencies. Different shades of green are used to color code the
different helices in 3BKD. The data and predictions are plotted on an absolute scale for the

dipolar coupling. Both the predications and data for F47, F55, and L59 are used in the

structures as negative values.
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