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Membrane protein structure and function is critically dependent on the surrounding environment.
Consequently, utilizing a membrane mimetic that adequately models the native membrane environment
is essential. A range of membrane mimetics are available but none generates a better model of native
aqueous, interfacial, and hydrocarbon core environments than synthetic lipid bilayers. Transmembrane
a-helices are very stable in lipid bilayers because of the low water content and low dielectric environment
within the bilayer hydrocarbon core that strengthens intrahelical hydrogen bonds and hinders structural
rearrangements within the transmembrane helices. Recent evidence from solid-state NMR spectroscopy
illustrates that transmembrane a-helices, both in peptides and full-length proteins, appear to be highly
uniform based on the observation of resonance patterns in PISEMA spectra. Here, we quantitate for the first
time through simulations what we mean by highly uniform structures. Indeed, helices in transmembrane
peptides appear to have backbone torsion angles that are uniform within ±4°. While individual helices can
be structurally stable due to intrahelical hydrogen bonds, interhelical interactions within helical bundles
can be weak and nonspecific, resulting in multiple packing arrangements. Some helical bundles have
the capacity through their amino acid composition for hydrogen bonding and electrostatic interactions to
stabilize the interhelical conformations and solid-state NMR data is shown here for both of these situations.
Solid-state NMR spectroscopy is unique among the techniques capable of determining three-dimensional
structures of proteins in that it provides the ability to characterize structurally the membrane proteins at
very high resolution in liquid crystalline lipid bilayers. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Many obstacles have conspired to impede the detailed
biophysical characterization of membrane proteins, but none
of them are more significant than the challenge of providing
an adequate model of the membrane protein environment
for these studies. The structure, dynamics, and function of
membrane proteins are all influenced by this environment
and consequently, it is essential that membrane proteins
are characterized in a native-like environment. Typically,
crystallography and solution NMR utilize a detergent
environment as a model membrane mimetic environment
and while this models certain aspects of the native membrane
it is not as good a model as a lipid bilayer. Unlike
the aqueous environment for water-soluble proteins, the
membrane environment is very complex and heterogeneous.
Solid-state NMR spectroscopy provides a unique ability to
characterize membrane proteins not only in a lipid bilayer,
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but also in a lipid bilayer above the gel to liquid crystalline
phase transition temperature.

Membrane proteins and the lipid bilayer
environment
The numerous membranes of living cells are composed of a
heterogeneous array of lipids, proteins and other membrane-
soluble components. Membranes can be compartmentalized
as has been discussed extensively in the recent ‘lipid raft’
literature.1 Membranes form barriers between two aque-
ous compartments where the interior of the membrane
is essentially devoid of water. Not only is there a steep
water concentration gradient, but also gradients in dielectric
constant,2 molecular dynamics3 and in lateral pressure.2,4

The anisotropy of lipid bilayers is used by cells to gen-
erate vital electrical, chemical, and mechanical potentials,
which are derived from or lead to phenomena, such as
membrane thinning, hydrophobic mismatch, curvature frus-
tration, charge polarization, and lateral force gradients.5,6

These phenomena affect membrane protein structure, orien-
tation, dynamics, and function. One of the results is that the
delicate balance of forces that accounts for protein structural
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stability is very different for membrane proteins than for
water-soluble proteins. Membrane mimetic environments
that range from organic solvents to synthetic lipid bilayers
model some of these properties, but not all of them. Detergent
micelles provide good approximations of the local aqueous,
interfacial, and hydrocarbon core regions of native bilayers,
yet they are poor at reproducing native membrane curva-
ture, lateral pressure profiles, and water content. Organic
solvent mixtures (mixed polarity solvents) can reasonably
approximate the bilayer hydrocarbon core, but are extremely
poor mimetics of interfacial and aqueous regions and offer
no opportunity for reproducing lateral pressure, membrane
curvature, and water concentration gradients. However, syn-
thetic lipid bilayers can provide aqueous, interfacial, and
hydrocarbon core environments that are nearly identical to
those found in native lipid bilayers. Furthermore, only syn-
thetic lipid bilayers allow for the controlled variation of
membrane lipid composition enabling essential studies of
membrane protein structure and function in environments
with differing lateral pressures, hydrophobic thicknesses or
membrane curvatures. Synthetic lipid bilayers clearly gen-
erate the most native-like environment that can be used for
three-dimensional structure determination.

Membrane proteins are fundamentally very different
from water-soluble proteins. The amino acid composition
of these proteins in the transmembrane domain (TMD) is
significantly different from that of water-soluble proteins7

(Fig. 1). Charged residues (Arg, Lys, Asp, Glu, and His)
are more common in water-soluble ˛-helices than trans-
membrane (TM) ˛-helices by nearly a factor of three. The
same factor applies to the amide side-chain residues. The
hydrophobic and weakly hydrophilic residues (Val, Leu,
Ile, Met, Phe, Gly, Ser, Thr, and Trp) are more common
in membrane proteins than water-soluble proteins by 50%.
This radically different composition reflects the very different
environments for these two classes of proteins.

For many membrane proteins, the largely greasy inter-
face between TM helices, dictated by the predominantly
hydrophobic amino acid composition, is dominated by van
der Waals interactions and other weak, relatively nonspecific
electrostatic interactions. Hydrogen bonding is site-specific,
but for many TM helix–helix interfaces hydrogen bond-
ing is rare, again because of the amino acid composition.
When van der Waals interactions dominate the helix–helix
interface, it is anticipated that the nonspecificity of these
interactions will permit dynamics between helices and per-
mit multiple low energy interacting states.6 There is a large
literature that documents almost indiscriminate chemical
cross-linking between helices in polytopic membrane pro-
teins provided the reaction times are lengthy.8 These results
strongly support the hypothesis of conformational flexibil-
ity at these hydrophobic helix–helix interfaces. Recently,
hydrogen–deuterium exchange in a 44 kDa tetrameric mem-
brane protein complex has shown through solid-state NMR
that rotational excursions occur about the helical axis expos-
ing the normally lipid facing amides to the aqueous pore.9

Loops between helices and between ˇ-strands have also
been shown in some cases to be highly dynamic, thereby
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Figure 1. Comparison of amino acid compositions in
transmembrane (TM) regions of ˛-helical membrane proteins
versus water-soluble proteins. For those amino acids that are
more common in membrane proteins (green), the data
represents the % increase over that found in water-soluble
proteins. For those amino acids that are more common in
water-soluble proteins (red), the data represents the %
increase over that found in membrane proteins (adapted from
Eilers et al., 2002)7.

permitting such motions.10,11 Furthermore, it is well recog-
nized for membrane proteins that multiple functional states
involve different packing arrangements of ˛-helices.12 For
membrane proteins that do not have interhelical hydro-
gen bonding, the potential for interhelical dynamics and
structural heterogeneity represents a major departure from
the water-soluble proteins that are most readily character-
ized by solution NMR and X-ray crystallography. However,
helix–helix interactions can, on occasion, be quite strong in
membrane proteins; glycophorin is now a classic example of
a coiled-coil helical pair with the GxxxG sequence motif.13,14

The lipid bilayer is an environment that can readily
trap nonminimum energy conformations15 and owing to
the low water content, hydrogen bond rearrangements
in membrane proteins are much less common than for
water-soluble proteins. In part, the lack of water in the
membrane interior and the necessity for water in folding
˛-helices explains why membrane proteins are largely
folded at the membrane interface (in presence of water)
prior to transmembrane insertion.16 – 18 In this process, the
intrahelical hydrogen bonds are formed prior to insertion
of the helix across the membrane. Water is a catalyst for
hydrogen bond rearrangements in the nonpolar interior
of the lipid bilayer in that it destabilizes intramolecular
hydrogen bonds and stabilizes broken hydrogen bond
intermediates.19 – 22 However, aqueous access to the amide
backbone in membrane proteins is quite variable; while
most of the amide protons of lac permease can be readily
exchanged,23 the amides in the TM region of diacylglycerol
kinase are extremely resistant to H–D exchange.24
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NMR spectroscopy for membrane proteins
NMR spectroscopy permits detailed structural and dynamic
characterizations in a variety of membrane mimetic envi-
ronments. X-ray crystallography has been very helpful in
providing most of the current membrane protein structures
in the Protein Data Bank, but most of these structures are
large oligomeric structures with a high ratio of molecular
volume to hydrophobic surface area. While NMR meth-
ods are complementary to crystallographic methods, they
are more appropriate for smaller membrane proteins with
a proportionately large hydrophobic surface area. In the
Mycobacterium tuberculosis (Mtb) genome, more than 70% of
all membrane proteins have a monomeric molecular weight
<45 kDa. Solution NMR can provide high-resolution infor-
mation, yet it is currently limited to membrane proteins with
a total oligomeric weight on this order due to increased relax-
ation rates for increasingly larger protein–detergent micelle
complexes. For solid-state NMR using aligned samples or
magic angle spinning samples, there is no such relaxation
induced limitation on the size of membrane proteins, but
rather a current practical limitation based on resonance reso-
lution in the two- and three-dimensional spectra represented
by a similar molecular weight. However, if the protein is
oligomeric with an axis of symmetry this limitation applies
only to the monomer molecular weight and not to the molec-
ular weight of the oligomer.

For solid-state NMR samples, it is possible to modify
the membrane protein’s environment. Not only can lipids
be changed, but changes to the salt concentration, pH or
various other additives to the aqueous or lipid (detergent)
environment can also be made. For packed liposomes used
in magic angle sample spinners, it is relatively easy to
change sample conditions, while alignment of planar bilayers
between glass slides represent a considerable impediment
for changing the solvent environment. Aligned samples
in anodic aluminum oxide (AAO) nanoporous membranes
provides an opportunity to change the sample conditions
even while the sample remains in the NMR probe.25 While
complete structural characterization may not be possible
for all the ranges of environmental conditions, it is still
possible to monitor sites within the protein for changes in
structure, dynamics or chemical environment. Such high-
resolution monitoring (observation of specific amino acid
sites) of chemical environments is not possible by any other
approach that also has the potential to characterize three-
dimensional structures of membrane proteins.

Sample preparation is critically important for all struc-
tural methodologies. Here, for solid-state NMR the prepara-
tion of oriented lipid bilayer samples is routine for helical
TM peptides, but the alignment of full-length membrane
proteins has been challenging for some cases. In addition,
heating of oriented lipid bilayer samples by high power
radio frequency irradiation used during NMR experiments
has generated heterogeneous samples.26 This latter problem
has been elegantly solved with the development of low-
electric field probes27 and the former problem is fading as we
begin to understand that some proteins (maybe quite a few
monotopic proteins) are designed to distort the planarity of
lipid bilayers or to take advantage of nonplanar membranes.

Here, the solid-state NMR experiments utilize the
polarization inversion spin exchange at the magic angle
(PISEMA) pulse sequence28 that correlate anisotropic 15N
chemical shifts and 15N–1H dipolar couplings from the
polypeptide backbone.29 Resonance patterns, known as
polarity index slant angle (PISA) wheels, can be observed in
spectra of TM helices representing an image of the helix30,31

and based on the size, shape, and position of the PISA
wheel, the tilt angle of the helix axis with respect to the
bilayer normal can be determined with considerable accuracy
(Fig. 2). The observation of these patterns can be used
to provide considerable additional biophysical information
about membrane proteins and the energetics of helices
formed in this environment that makes them so different
from helices in water-soluble proteins.

MATERIALS AND METHODS

Oriented bilayer samples
Solid-State NMR samples consisted of either TM pep-
tides or full-length membrane proteins incorporated into
oriented lipid bilayers aligned on glass slides. Unless oth-
erwise noted, all samples were prepared with lipid bilayers
composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DMPG) mixed in a 4 : 1 (DMPC : DMPG) molar
ratio. Other lipids used to prepare oriented bilayer
samples include 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (POPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glyce-
rol)] (DOPG), and Escherichia coli total lipid extract
(E. coli lipid). All lipids were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Peptide and full-length pro-
tein samples were prepared with a 10 : 1 (w : w) ratio of
lipid to protein. Samples of TM peptides were prepared
either by detergent mediated reconstitution9,32 or organic
solvent reconstitution.33,34 Full-length protein samples were
prepared exclusively via detergent mediated reconstitution.

Samples prepared via detergent mediated reconstitution
began with peptides or proteins solubilized in either n-Octyl-
ˇ-D-glucoside (OG) or sodium dodecyl sulfate (SDS). Lipids
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Figure 2. Resonances within PISEMA spectra form
characteristic patterns called PISA wheels. Here, PISA wheels
are displayed for helices with helix axis tilt angles (�) of 5°, 25°,
45°, 65°, and 90° with respect to the bilayer normal. Like helical
wheels, 3.6 resonances per turn around the PISA wheel are
observed. This set of patterns is for oriented lipid bilayer
samples aligned on glass slides with the bilayer normal parallel
to the magnetic field.
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were introduced either as preformed liposomes or dry lipid
powder. Preformed liposomes were prepared by dissolving
lipids in a mixture of chloroform and methanol (1 : 1) in a
round bottom flask, removing the solvent by rotary evapo-
ration, drying overnight under vacuum, resuspension of the
lipid film in warm (37 °C) deionized water; bath sonication
of resuspended lipids and three repetitions of freeze-thaw
cycling followed ultimately by dilution to 20 mg/ml. For
addition of either preformed liposomes or lipid powder,
samples were thoroughly yet gently mixed yielding a vis-
cous, semi-transparent protein–lipid–detergent mixture. A
solution of 20% detergent (either OG or SDS) was added
in 100 µl aliquots with gentle mixing until the solution
became transparent and the viscosity was similar to that
of an aqueous solution. Detergent was removed via exhaus-
tive dialysis against deionized water. Following dialysis,
proteoliposomes were pelleted via ultracentrifugation at
90 000 ð g for 3 h.

Samples prepared via organic solvent reconstitution
began with lyophilized peptides dissolved in 1 ml methanol.
Lipids solubilized in 2 ml methanol : trifluoroethanol (1 : 1)
were added to methanol solubilized peptides and thoroughly
mixed with swirling and vortexing. Peptide–lipid mixtures
were dried to a film under a N2 gas stream followed
by drying overnight under vacuum. Dried peptide–lipid
films were gently resuspended in warm (37 °C) 10 mM

borate–potassium chloride–sodium hydroxide buffer; pH 9.
Resuspended peptide–lipid films were incubated with gentle
shaking at 37 °C overnight followed by dialysis against 10 mM

borate–potassium chloride–sodium hydroxide buffer; pH 9.
After overnight dialysis, proteoliposomes were pelleted via
ultracentrifugation at 90 000 ð g for 3 h.

Regardless of the reconstitution method used to produce
proteoliposome pellets, the final plating steps for preparation
of oriented lipid bilayer samples on glass slides were identical
for all the samples. Pelleted proteoliposomes were gently
resuspended in HPLC-grade water to a final volume of
approximately 1.5 ml. Resuspended proteoliposomes were
briefly sonicated to ensure a homogeneous suspension.
Aliquots of resuspended proteoliposomes were spread onto
30 to 40 glass slides (12 ð 7 ð 0.07 mm, Paul Marienfeld
GmbH & Co.), dried for 2 h at room temperature, stacked and
inserted into a rectangular glass sample cell (NE-RSC-4.3 ð
6.3 � 20-FB, New Era Inc.). Samples were rehydrated by
incubation at 98% relative humidity for at least 7 days at
37 °C (above the gel to liquid crystalline phase transition
temperature). Rehydrated samples were sealed with wax
and used for solid-state NMR experiments.

Acquisition of PISEMA spectra
All PISEMA spectra were acquired at 600 MHz utilizing
NHMFL low-E probes27 with the exception of the KdpF
spectrum that was acquired on the Ultra Wide Bore
900 MHz spectrometer at the NHMFL. All PISEMA spectra
used the following parameters: 800 µs cross-polarization
contact time, 4 ms acquisition time, 6 s recycle delay, and
1H decoupling with the SPINAL scheme.35 Spectra were
typically acquired with 32 t1 increments resulting in total
acquisition times ranging from 6 h to 3 days. All experiments

were conducted at either 30 or 40 °C; well above the gel to
liquid crystalline phase transition for the bilayer systems
employed. Spectra were processed using in-house scripts
written for NMRPipe.36 Processing scripts included the
following: zero filling of t2 to 1024 points, linear prediction
of t1 to 128 points; exponential multiplication window
function for t1 and t2 domains with 164 Hz Lorentzian
line broadening to enhance signal to noise; shifted sine bell
curve for both t1 and t2 domains; Lorentz-to-Gauss window
function to reduce linewidths; Fourier transformation of both
t1 and t2 time domains; correction of the 15N–1H-dipolar
coupling dimension by a scaling factor of 0.816 (sin 54.7°).
15N-chemical shifts were referenced to liquid ammonia at
0 ppm via a saturated solution of 15NH4NO3 at 26 ppm. All
spectra were plotted using Sparky37 with � D �0, 12 kHz�,
� D �92 238 ppm� for TM peptides and � D �0, 12 kHz�,
� D �26 238 ppm� for full-length membrane proteins.

PISEMA spectra simulations
Simulated PISEMA spectra, PISA wheels and Ramachandran
plots were calculated using in-house scripts written for
MatLab (The MathWorks, Inc.). PISEMA spectra were
simulated for an 18-residue ˛-helix with 0° rotation about
the helical axis (� D 0°) while the helix axis tilt angle (�)
and backbone torsion angles (�, ) were allowed to vary,
as indicated. Randomized variations in (�,  ) about the
idealized values (� D �60°,  D �45°)38 for each residue
were generated using a random number generator within
MatLab. Simulations utilizing randomized backbone torsion
angle variations are denoted as �,  D šx°, where x
is the upper and lower limit of sampling space for the
randomized number generator. For example, a randomized
variation of x D 2° generates torsion angles in the range
of � D �58 to �62° and  D �43 to �47°. Both the
motionally-averaged chemical shift tensor (�11 D 57.3,
�22 D 81.2, �33 D 227.8 ppm) and motionally-averaged
dipolar magnitude (� D 10.735 kHz) were held constant
throughout all the simulations based on experimental data.30

The relative orientation (�) between the chemical shift tensor
element �33 and �jj of the dipolar tensor was set to 17°,
consistent with previous simulations30 and experiments.39

All 15N-chemical shifts were referenced as described above
for NMR data acquisition.

RESULTS AND DISCUSSION

Amino acid composition in TM helices
The amino acid composition of TM helices has been discussed
extensively in the literature7 where it has been documented
that the hydrophobic content is dramatically elevated and
charged residues are much more rare in comparison to helices
in water-soluble proteins. On the basis of the propensity for
certain residues to be buried in the membrane interstices,
a great deal of work has been done on hydrophobicity
scales40,41 and probabilities for finding residues at different
depths within the bilayer.42 Tryptophan is most commonly
found at the aqueous–fatty acid interface as are tyrosine,
lysine, and arginine. Each of these residues have hydrophobic
and hydrophilic regions that facilitate the partitioning of the
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residue at this membrane interface. Glycine and proline are
known to be helix breakers based on our knowledge of water-
soluble proteins, but they are very commonly found in the
middle of TM helical sequences. Apparently, the potential
that these residues exert on the helix is not large enough to
destabilize helices in the TM environment.

Figure 3 displays the amino acid sequences of the pep-
tides and proteins discussed in this paper. The amino acid
composition and distribution, in general, follows that which
has been illustrated in the literature. CorA is a Mg2C trans-
porter obtained from Mtb. Its structure has recently been
solved as displaying ten TM helices that form a pentameric
structure.43 The interhelical periplasmic loop with highly
conserved sequences was unresolved in the crystal struc-
ture. Here, only a peptide named CorA-TM2 corresponding
with residues 336–366 is characterized. KdpC, also from
Mtb, is a component of the KC transporting Kdp com-
plex having a single TM helix and a large water-soluble
C-terminal domain.44 Rv1861 is another Mtb membrane pro-
tein with no known function. It has three TM helices and
forms an octameric state.45 M2 protein from Influenza A is a
well known drug target and its TMD has been structurally
characterized with46 and without47 the antiviral drug aman-
tadine. Diacylglycerol kinase (DAGK) from E. coli has been
modified to increase the stability of the trimeric structure24,48

with three mutations – I53C, I70L and V107D. DAGK has
three TM helices.

TM helix structure in lipid bilayers
Due to the low dielectric environment in the TM region, elec-
trostatic interactions, when present, are greatly strengthened
relative to such interactions in a much higher dielectric envi-
ronment. Hydrogen bonds, when formed, are not likely
to rearrange bonding partners because of the increased
strength of these interactions. This phenomenon has been
observed both by X-ray crystallography49 and by solid-state

Figure 3. The amino acid sequences for proteins and peptides
used for this study are presented. The putative transmembrane
(TM) sequences are highlighted in yellow. The glycine and
proline residues in these TM regions are shown in green and
charged resonances are shown for the entire sequences in red.
While the amino acid composition of the TMDs for CorA,
DAGK, KdpC, KdpF, and M2 are predominantly hydrophobic,
polar and charged residues are occasionally tolerated towards
the ends of TM helices and glycine and proline residues often
do not break the helical structure as they do in water-soluble
proteins.

NMR38 through the characterization of short ˛-helical hydro-
gen bonds in the membrane environment where there is
a vastly reduced frequency of multiple hydrogen bonds
to backbone helical carbonyl oxygens.50 In addition, water
which, if present, would act as a catalyst for hydrogen
bond rearrangements22 by destabilizing hydrogen bonds
and stabilizing the N–H and C O intermediates in such
a rearrangement, but this is very scarce in membrane
interstices. Therefore, once formed, helices are not likely
to rearrange hydrogen-bonding patterns. Indeed, this may
result in kinetically trapped conformations.15 The environ-
mental stabilization of helical structure appears to be an
explanation for the frequent occurrence of glycine and pro-
line residues in TM helices. The PISEMA spectra in Fig. 4 of
the CorA-TM2 and M2-TMD peptides show uniform helical
structures despite the presence of glycine residues in the
very middle of these sequences.

Numerous peptides have been aligned in planar bilayers
in our lab,46,47,51 some of which are represented here, and
many others have been aligned in other labs also using
planar bilayers,52 – 55 bicelles56 – 58 or aligned samples in AAO
nanotubes.59,60 All the spectra presented in Fig. 4 are from
planar bilayer preparations. The PISEMA spectra in Fig. 4 of
each uniformly aligned lipid bilayer-bound peptide sample
show a pattern of resonances, known as PISA wheels.
These resonance patterns reflect helical wheels and the
position, size, and shape of the pattern reflects the tilt of
the helical axis with respect to the bilayer normal.30 In fitting
PISA wheels to experimental spectra, the PISA wheels are
rigidly constrained by the spin interaction tensor element
magnitudes and their relative orientation. The only variable
is the helical tilt and this is fit by eye to the experimental
data generating an estimate of the helical tilt that has an
error of not more than š3° when the tilt angles are greater
than 10°. These initial estimates of tilt before resonance
assignments have been made provide useful preliminary
structural insights. Following resonance assignments, a high-
resolution structure can be characterized from the PISEMA
structural restraints.

Figure 5 shows the influence of random variations in
� and  torsion angles on the potential observation of
PISA wheels. There are several factors that can disperse
the resonances of the helical backbone, potentially blurring
or eliminating the observation of such a wheel-like pattern.
Chemical shift tensors can vary, especially those associated
with glycine are significantly different61 from other residues,
and because the amide nitrogen of proline is not protonated
such resonances are not observed in the PISA wheels. The
relative orientation of the 15N-chemical shift tensor and
the 15N–1H dipolar interaction may differ from site to
site. These factors have been discussed in some detail in
the literature,30,45,62,63 and their influence on the dispersion
of resonances is relatively small. For example, the angle
between the 15N chemical shift tensor and 15N–1H bond
vector varies only by 2° on an average for nonglycine
residues based on ab initio calculations64 and even less in
an experimental study of a membrane bound peptide.61

Starting from the ideal values for an 18-residue TM helix
(� D �60°,  D �45°)38 tilted at 30° with respect to the
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Figure 4. PISEMA spectra of CorA-TM2 (A), KdpC-TM (B),
KdpF (C), and M2-TMD (D) are indicative of highly regular
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bilayer normal, PISEMA spectra were simulated (Fig. 5(A)).
Additional simulations varied these torsion angles within
š2°, 4°, 8°, and 16° for Figs 5(B–E) respectively. The resulting
random dispersion of torsion angles is illustrated with the
Ramachandran diagram beside each spectral simulation. The
PISA wheel pattern essentially disappears when the torsion
angles have a variation within š8° (Fig. 5(D)). The observed
PISA wheels in Fig. 4 suggest that if all the dispersion in
the chemical shift and dipolar dimensions is due to this
structural variation, then for these peptides the variation
in �, torsion angles is approximately š4°. Since we know
that the chemical shift tensor variations are significant, this
observed structural variation is a maximum value that, in
reality, is likely to be less than š4°. Such a small variation in

angle means that a PISA wheel is observed only when the
helix has a remarkably uniform structure.

The TM helix–helix interface
Interestingly, M2-TMD that generates one of the PISA
wheels in Fig. 4 forms a tetrameric complex. Despite these
asymmetric interhelical interactions, each helix retains a
very uniform structure and shows no evidence of a coiled-
coil structure.62 In part, owing to the limited electrostatic
potential of most TM amino acid residues and in part
to the environment provided by the lipid bilayer, the
interhelical molecular interactions are dominated by van
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simulations of an 18-residue helical peptide with a helix axis tilt
angle (�) of 30° with respect to the bilayer normal. Displayed for
each simulated PISEMA spectrum are a PISA wheel with
� D 30° (blue line), location of the starting residue (red dot),
location of resonances 2 through 18 (black dots) and the
sequential trace of resonances (thin black line). Initial
simulations were performed for an ideal ˛-helix (� D �60°,
 D �45°)38 (A). �, torsion angles for each residue were then
allowed to vary randomly from the ideal values by š2° (B), š4°

(C), š8° (D), and š16° (E). A Ramachandran plot centered on
the ˛-helical region shows the distribution of �, torsion
angles for the resonances in each simulation.
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der Waals interactions. Since these latter interactions are
nonspecific, there are likely to be multiple low energy
solutions. As mentioned earlier, the full-length M2 protein
appears to display large amplitude rotational excursions
about the helical axis as characterized from H/D exchange
experiments.9 In addition, it has been shown that the tilt
of the M2 helices in M2-TMD are highly dependent on the
fatty acyl chain length.65 Both of these results support the
hypothesis that nonspecific van der Waals interactions are
dominating the helical interface.

Recent literature for M2-TMD has also exemplified
another feature of its sequence. While we have shown that
uniform helices can be formed with proline and glycine
residues present, they retain their potential to kink helices. In
the presence of the antiviral drug, amantadine, the M2-TMD
helix is kinked in the vicinity of its glycine residue.46 Other
examples of functionally relevant conformational switches
that have been described in the literature are centered on
glycine or proline residues, such as the opening and closing
of the potassium channel KcsA.66 Consequently, when these
residues are part of a uniform helical structure they can be
thought of as ‘pro-kink’ sites.

Figure 6 illustrates the dependence of the CorA-TM2
peptide on its lipid environment through the recording of
PISEMA spectra in both DMPC/DMPG and POPC/POPG
lipid bilayers. Clearly, the helical tilt of CorA-TM2 is
dependent on the hydrophobic thickness of the bilayer and
hence, we would argue that again the interactions of the
helical interface are dominated by nonspecific van der Waals
interactions. However, in Fig. 6 we also show data for 15N-
methionine labeled DAGK, a protein with three TM helices
that functions as a trimer. While the quality of the aligned
spectra varies (more or less powder pattern present), the
frequency of the resonance representing the aligned sample

does not change with increasing hydrophobic thickness of
the lipid bilayers. Consequently, specific interactions must
be present to have locked this conformation in, preventing
the potential for hydrophobic mismatch to alter the protein
structure. In part, this is the result of mutagenesis.48 There
are several ways in which hydrophobic mismatch can
be compensated for, as reviewed recently by Killian and
Nyholm.67 Here, two examples are presented, one (CorA-
TM2) where the helical tilt changes and another (DAGK)
where the specific interactions appear in this 9-helix bundle
to have locked in a specific conformation, preventing
changes in helical tilt in response to changes in bilayer
thickness.

Hydrogen-bonding and electrostatic interaction capacity,
while much less frequent in TM helical interfaces, is still
present in some membrane proteins. Such capacity is
achieved in several ways. Small residues such as glycine,
alanine, and serine are sometimes spaced to be on one side
of a helix such as GxxxG and GxxxxxxG (known as GG4 and
GG7) to permit close packing of helices.13,14,68,69 Such packing
allows for potential C˛–HÐ Ð ÐO hydrogen bonding70,71 as well
as long distance, but significant, electrostatic interactions
between the polypeptide backbones. Alternatively, serine
and threonine residues are more common in the membrane
interstices than might be expected because of their ability
to form intrahelical hydrogen bonds. Such residues also
have the potential to form interhelical hydrogen bonds and
can therefore be considered ‘pro-hydrogen bond’ residues.
A third mechanism for specific electrostatic interactions
involves a relatively small separation of charged residues
in the TM sequence resulting in the demand for pairing
charges to obtain a stable structure.

For CorA-TM2, there is a single GG7 sequence with a
valine in the center of the sequence. This valine residue,
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Figure 6. The response of proteins and peptides to changes in lipid bilayer hydrophobic thickness varies depending on the types
and strengths of interactions present. The location of resonances for 15N-methionine labeled DAGK undergo very little change as the
hydrophobic thickness of the bilayer increases, indicating very little change in overall structure. This is shown for one-dimensional
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angle (�) of 37°. Resonances for DAGK are tightly clustered in
the 200 ppm and 8 kHz region indicating small helix tilt angles
for the three TM helices in DAGK. Spectra for DAGK were
collected using two separate experiments with different 1H
offset positions to avoid 1H bandwidth limitations. Both Rv1861
and DAGK spectra were acquired with uniformly 15N-labeled
protein in DMPC/DMPG lipid bilayers oriented on glass slides.

with a beta-branched side chain, would likely interfere with
close packing of helices. It is therefore not surprising that
this peptide is monmeric and that the helical tilt is very
sensitive to the bilayer hydrophobic thickness. For DAGK,
the hydrophobic cores of the TM helices are relatively short.
For the three helices, 14, 13, and 11 residues separate
two charged residues, although for TM3 this is the result
of the stabilizing mutation V107D. In comparison, all of
the other sequences in Fig. 3 have at least 18 residues
separating charged residues with the exception of the
functionally conserved histidine residue in M2 which has
unique properties as a histidine tetrad.72 This suggests that
electrostatic interactions between the ends of adjacent TM
helices of DAGK are very significant.

Figure 7 displays PISEMA spectra of two full-length
proteins, one of which, Rv1861, shows a PISA wheel
pattern. This observation, not only means that uniform
helical structures are present, but confirms the previous
discussions on the altered balance of molecular interactions
that result in such uniform helices. There has been discussion
in the literature that PISA wheels may not be observable for
native proteins, because the helices might have nonideal
conformations.73 It is now clear that full-length membrane
protein TM helices can have very uniform torsion angles,
although this will certainly not be true for all the TM
helices. Despite the large 80 kDa oligomeric complex for
Rv1861 with 24 TM helices, the interstices of the TM domain

2
4
6
8

10

τ = 10°

2
4
6
8

10

(ν
) 

1 H
–15

N
 D

ip
ol

ar
 C

ou
pl

in
g 

(k
H

z)

2
4
6
8

10

100150200

2
4
6
8

10

τ = 20°

100150200

(σ) 15N Chemical Shift (ppm)

τ = 30°

100150200

φ,ψ±2°

φ,ψ±4°

φ,ψ±6°

φ,ψ±8°

Figure 8. Spectral simulations of an 18-residue ˛-helical peptide illustrate that changes in PISEMA spectra owing to variations in �, 
torsion angles are scaled down as the helix axis tilt angle (�) decreases. PISEMA spectra for three ˛-helical peptides with � D 10°,
20°, and 30° were simulated with �, torsion angles for each residue allowed to vary randomly from the ideal values (� D �60°,
 D �45°)38 by š2°, š4°, š6°, and š8° as indicated. For each simulated PISEMA spectrum, a PISA wheel (green, cyan, and blue
lines for � D 10°, 20°, and 30° respectively), location of the starting residue (red dot), locations of resonances 2 through 18 (black
dots) and the sequential trace of resonances (thin black line) are shown.
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still reflect the typical membrane environment where the
balance of molecular interactions is so very different from
water-soluble proteins. DAGK is also well aligned in planar
bilayers, but PISA wheels were not observed in the spectra of
uniformly 15N-labeled samples. DAGK is a trimer of three TM
helical monomer with relatively small water-soluble loops
and terminal segments. Even though PISA wheels were not
obtained, the spectral intensity from the TM domain is tightly
clustered in a region around 200 ppm and 8 kHz suggesting
small tilt angles for the TM helices. From the spectra of 15N-
methionine labeled DAGK, it has recently been suggested
that one of the helices is tilted by 12 š 3°.45

Figure 8 shows spectral simulations similar to those
shown in Fig. 5, but with varying helical tilt angle. Interest-
ingly, the dispersion caused by �, torsion angle variation
scales with decreasing helical tilt angles. Consequently, while
it might have been anticipated that a structurally induced
dispersion in chemical shift of 10 ppm for a helix tilted at
30° would obliterate the PISA wheel for a helix tilted at 10°;
the scaling by this effect is such that the PISA wheels are
nearly as clear for a 10° helical tilt as they are for a 30° tilt
with the same �, torsion angle variation. However, other
influences on the dispersion of the resonances, such as the
variation in the chemical shift tensor do not scale in the
same manner. The spectrum of CorA-TM2 is particularly
interesting in this regard as the pattern of resonances with
its various defects are highly correlated for the two different
tilt angles in Fig. 6(F) and (G) Yet, the hole in the spectral
intensity at the center of the PISA wheel is substantially
smaller than would be estimated just from the size of the
wheels, suggesting that the dispersion has not been fully
scaled and that some of the dispersion in the POPC/POPG
sample may be from the variation in chemical shift tensors.
Similarly, with the spectral congestion in the 200 ppm region
of the DAGK spectrum, resonance patterns are simply not
observable because of factors other than the variation in �, 
torsion angles.

CONCLUSIONS

A dramatic shift in the balance of molecular interactions
for membrane proteins with respect to soluble proteins is
evidenced by the uniform helical structures that are repeat-
edly being characterized by solid-state NMR of TM helical
peptides as well as full-length membrane proteins. The impli-
cations for this shift in balance are profound. Membrane
protein environments interact with membrane proteins in a
spatially selective manner. Van der Waals interactions will
dominate the environment/protein interface in the bilayer
interstices while electrostatic interactions are more important
in the lipid/protein interfacial and aqueous regions. Physical
properties of the bilayer may change in response to environ-
mental stress on the cell and the chemical composition of the
membranes may change as well, each leading to potential
changes in the membrane/protein interfacial interactions.
The relatively weak interactions that may be present between
helices make possible a wide range of structural conforma-
tions that are being shown to have functional importance.
Therefore, the challenge for the membrane protein struc-
tural biologist is not the characterization of structure for a

membrane protein, but to characterize a potential energy
surface and a suite of structures reflecting the subtle influ-
ences of the environment. Consequently, it is very important
to characterize membrane proteins in an environment that
closely models the native membrane environment. Solid-
state NMR can provide the most native-like environment for
the detailed characterizations of membrane proteins and has
great potential for characterizing membrane proteins under
a wide range of environmental conditions.
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