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Solid-State '’F-NMR of Peptides in Native
Membranes
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Abstract To understand how membrane-active peptides (MAPs) function in vivo,
it is essential to obtain structural information about them in their membrane-bound
state. Most biophysical approaches rely on the use of bilayers prepared from
synthetic phospholipids, i.e. artificial model membranes. A particularly successful
structural method is solid-state NMR, which makes use of macroscopically oriented
lipid bilayers to study selectively isotope-labelled peptides. Native biomembranes,
however, have a far more complex lipid composition and a significant non-lipidic
content (protein and carbohydrate). Model membranes, therefore, are not really
adequate to address questions concerning for example the selectivity of these
membranolytic peptides against prokaryotic vs eukaryotic cells, their varying
activities against different bacterial strains, or other related biological issues.
Here, we discuss a solid-state '’F-NMR approach that has been developed for
structural studies of MAPs in lipid bilayers, and how this can be translated to
measurements in native biomembranes. We review the essentials of the methodol-
ogy and discuss key objectives in the practice of '’F-labelling of peptides. Further-
more, the preparation of macroscopically oriented biomembranes on solid supports
is discussed in the context of other membrane models. Two native biomembrane
systems are presented as examples: human erythrocyte ghosts as representatives of
eukaryotic cell membranes, and protoplasts from Micrococcus luteus as membranes
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from Gram-positive bacteria. Based on our latest experimental experience with the
antimicrobial peptide gramicidin S, the benefits and some implicit drawbacks of
using such supported native membranes in solid-state '’F-NMR analysis are dis-
cussed.

Keywords Solid-state NMR structure analysis - 19F-labeling - Membrane-active
peptides - Native biomembranes - Oriented membrane models - Antimicrobial
peptides
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1 Introduction: Towards In-Cell NMR

There are several advantages to studying proteins in-cell, instead of analyzing them
in vitro or in crude lysates. The presence of a natural environment obviously brings
about the genuinely relevant structures and it may modulate the molecular interac-
tions and overall behaviour of a protein. For various reasons, it may not be possible
to imitate these aspects adequately in vitro. Another advantage is the ability to study
proteins that are difficult to purify or unstable outside the cellular surrounding.
It may even be advantageous to introduce externally prepared proteins into eukary-
otic cells. This allows the analysis of complex biological processes, like signalling
cascades, protein turnover cycles and stimulus-responsive post-translational mod-
ifications, and may even lead to the discovery of new metabolic pathways [1-3].
A recent remarkable example of the power of in-cell NMR in acto is the 3D
structure determination of the putative heavy-metal binding protein TTHA1718
from Thermus thermophilus HB8, which was overexpressed in living Escherichia
coli and solved exclusively on the basis of in-cell NMR data [4].

When placed into an NMR spectrometer, a biological sample is examined
essentially without perturbations. NMR structures are considered as native, as the
method does not interfere with metabolically relevant conformational changes,
binding events, post-translational modifications, or dynamic features of the protein
[5]. The only potentially perturbing factors in an experiment are the presence of static
and oscillating magnetic fields, and sample heating due to radiofrequency-driven or
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mechanical rotation [6, 7]. The heating effects can be compensated, and their
impact is anyhow significantly lower than the radiation damage associated with
crystallography or high-resolution microscopy. As NMR observation is perfectly
compatible with living organisms, as in magnetic resonance imaging (MRI), and
causes no degradation of macromolecules, this technique is considered as truly non-
invasive. Naturally, NMR is the prime candidate to solve detailed 3D molecular
structures non-invasively in-cell.

In the above-mentioned study of the protein TTHA1718, the authors also
reported the problems they faced, namely significant instability of the cell culture,
and low NMR signal intensities [4]. The latter illustrates the principal disadvantage
of the technique: an intrinsically low sensitivity. Some improvements in the short
term are expected, i.e. based on improved hardware (higher magnetic fields,
alternative designs of probe-heads), on software advancements (sparse data acqui-
sition, maximum-entropy signal deconvolution), and especially on recent develop-
ments in metabolic isotope-labelling strategies, and mediated signal enhancements
such as dynamic nuclear polarisation (DNP) [8]. Though highly encouraging, these
improvements are not yet able to overcome routinely the sensitivity problem, hence
certain manipulations of a sample before the measurement are usually unavoidable.
These include the preparation of densely packed cell pellets, the use of deficient
growth media for isotope enrichment, or anabolic conditions to overexpress a
protein. Such treatments cause some stress on the cells, hence the absolute non-
invasiveness of NMR has been questioned [9, 10]. Nevertheless, these effects are
comparable to the stresses induced by the mechanical, electric or chemical treat-
ments applied by other methods of observing living cells. Concerning the structure
analysis contest between spectroscopic and scattering methods, the latter are mostly
challenged by solving structures of weak oligomeric complexes and membrane
proteins, which tend to be inaccessible to NMR due to their large size. Notably,
with the development of milder crystallization conditions, the traditionally artefact-
prone scattering methods are progressively placing the proteins into more bio-
mimetic environments. At the same time, the intrinsically non-invasive NMR
methods seemingly move towards more perturbing sample pre-treatments like
DNP or '’F-labelling to increase sensitivity [11].

Faced with low sensitivity, the first in-cell NMR experiments were logically
performed in cells with high native protein concentrations, such as haemoglobin in
erythrocytes [12]. Next, in-cell NMR was demonstrated on organisms like E. coli,
which could be readily genetically manipulated overexpress the desired protein [1,
13]. At the same time, isotope-labelled proteins have been introduced into cultured
cells using mechanical microsyringe injections, electroporation or carrier-mediated
delivery [1-4, 14]. These methods tend to be limited to specific cell types, e.g.
microinjection is applicable to large oocytes and carrier-mediated delivery is
successful in cells with high constitutive levels of endocytosis, such as immorta-
lized cancer cell lines.

The current state of in-cell NMR has been recently reviewed [5, 9], and it
appears that genuine non-invasive NMR measurements of any protein of interest
in any cell type will be achievable only in the mid-term future. However, the
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promise of such experiments as an ultimate scientific goal provides a strong driving
force for the immediate progress of biological NMR. One step towards this scien-
tific vision, i.e. the structural characterization of a protein under native conditions,
is the subject of this contribution. We will specifically discuss the progress of solid-
state NMR (ssNMR) applied to '°F-labelled membrane-active peptides (MAPs)
when bound to native biomembranes in macroscopically oriented samples.

2 Solid-State ’F-NMR

The traditional power of liquid-state NMR is the characterization of molecular
structures to atomic-resolution, and the simultaneous access to dynamic informa-
tion on various time-scales. For proteins in solution such a dynamic view is
particularly relevant and unique for partially unfolded sequences, as well as for
conformational interchanges, e.g. during catalysis. Proteins that are associated with
biomembranes, on the other hand, are not readily accessible by liquid-state NMR
unless they are relatively small and stably folded in detergent micelles. The only
way to study membrane proteins in a quasi-native lipid bilayer is provided by
ssNMR. Besides membrane protein structure analysis, ssNMR is particularly pow-
erful in addressing the lipid interactions of MAPs, and characterizing other types of
non-crystalline complexes such as amyloid fibrils [15-21]. Given the fluid nature of
a liquid crystalline membrane, special attention has to be paid to the dynamic
behaviour of membrane-bound peptides and proteins. The following sections will
be devoted to their ssNMR analysis in macroscopically oriented membrane sam-
ples. Magic-angle-spinning (MAS) NMR methods will not be discussed here, as the
samples usually need to be cooled down below the lipid phase transition or frozen to
sub-zero temperatures. The significant morphological changes in both the lipidic as
well as peptidic components suggest that the resulting structural MAS NMR data
are less meaningful in a biological context.

MAPs exhibit a wide range of different biological functions, such as antimicro-
bial, cell-penetrating and fusogenic. The interested reader is referred to the recent
Special Issue of the European Biophysics Journal [22] in which diverse examples
are presented. MAPs are typically short, cationic, and unstructured in aqueous
solution. In the membrane-bound state, however, they tend to fold into simple
well-defined 3D structures (such as an o-helix) with an overall amphiphilic charac-
ter. Discrete steps of oligomerization and self-assembly have been reported and
seem to reflect the functional mechanism of these peptides, such as pore-formation
in the bilayer. Many MAPs are also known to undergo dramatic conformational
changes as a response to the environment, i.e. they exhibit a pronounced structural
plasticity when converting, e.g. from a monomeric a-helix to a B-pleated aggregate.
Hence, although easy to obtain, atomic structures of MAPs as determined by liquid-
state NMR or X-ray diffraction tend to have only limited relevance with regard to
their biological mode of action. Once the 3D conformation has been established, the
critical structural information is related to alignment of the molecule in the
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membrane, to its depth of immersion, to its oligomeric state and to its overall
dynamic behaviour as a response to changes in the environment (e.g. peptide
concentration, temperature, lipid composition, pH, ionic strength, presence of
other membrane-bound components, etc.). When studying a MAP in action, at
least two situations have to be considered — the unbound state in solution and the
membrane-bound structure — which are interrelated by the specific binding affinity
under the given conditions. The second situation is technically very challenging
because an adequate membrane environment is required. Here, ssNMR appears to
be the only method that is capable of revealing the genuine structural behaviour of
an MAP at quasi-atomic resolution, even in a native biomembrane and possibly in
the context of a living cell [19, 21, 23-25]. For this type of application alone,
ssNMR can be expected to be heavily used, since the number of known MAPs is in
the thousands, with further hundreds of thousands of sequences predicted and as yet
unexplored [26-29].

In ssNMR the problem of low sensitivity prevails and is especially severe, as the
spectral lines are much broader and the signal-to-noise levels are orders of magni-
tude lower than in liquid-state NMR. The use of macroscopically oriented samples
alleviates this problem to some extent, but cannot reach the comparatively narrow
line-widths of typical MAS spectra. Yet, a fundamentally simple and elegant way to
overcome the sensitivity issue is the use of selective 19F_labels [30-32], taking
advantage of the high gyromagnetic ratio of the fluorine nucleus. For MAPs in
particular, '’F-NMR enables unprecedented sensitivity, in practice about 20-fold
higher than for “H-NMR and 100-fold better than '>N-NMR in comparable samples
[33, 34]. Only a fraction of a milligram is needed to record a YF.NMR spectrum,
ie. 0.25 mg of a selectively labelled 20-amino acid peptide can be typically
measured in about 1 h. This remarkable sensitivity gives unique access to sSNMR
studies of peptide-to-lipid ratios of down to 1/3000 in model membranes, and in
principle even to background-free in-cell observation. As the methodological
aspects have been reviewed before [35-37], here we will only briefly present the
major arguments behind the use of '’F-NMR from a biological point of view, and
then focus on the peculiarities of selective '’F-labelling of MAPs.

The fluorine nucleus possesses a very high magnetic moment (81% of 'H), leading
to exquisite NMR sensitivity and strong dipolar couplings. A spin of 1/2 keeps
the ssNMR spectral lineshapes simple, as there are no quadrupolar contributions.
The absence of a natural background in biological samples, together with the 100%
natural abundance, advertises '°F for selective labelling — especially under in-cell
conditions which suffer from an enormous '*C natural abundance background and
even considerable intensity from “H. Owing to the lone pairs of electrons on a
fluorine substituent, its isotropic chemical shift (CS) has a much broader range than
'H, and it is rather sensitive to the local environment. Being dependent on tempera-
ture, pH, solvent and dielectric environment, the CS can be used to monitor these
parameters [32, 34, 38]. However, in the present applications of '’F-NMR to MAPs
in oriented membrane samples, we will focus entirely on the anisotropy, i.e. the
orientation-dependence of the CS and of the dipolar couplings.
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'“F_labelling has been explored, amongst other signal-enhancement strategies,
for in-cell NMR studies as early as 1989 [39] and continues to be used for proof-of-
principle demonstrations to date [40]. There are several inherent difficulties asso-
ciated with the use of this particular nucleus, however. The first type is purely of a
technical nature, as the F_ and 'H-NMR frequencies are close to one another,
especially at low magnetic field strength. High-performance rf-filters are therefore
required on both NMR channels (1H/19F), which are fortunately now available
commercially [41-43]. Likewise, the stringent necessity to use custom-made Teflon-
free NMR-probes and electronics has been alleviated by designated commercial
hardware, yielding essentially background-free spectra. Another, less obvious,
aspect is the considerable risk of introducing a chemical '’F-contamination during
sample preparation. Especially when working with synthetic peptides, or even with
natural materials that have been purified by HPLC, traces of fluorinated solvents
(trifluoroethanol, hexafluoro-2-propanol) or synthetic reagents (trifluoroacetic acid)
may remain in the sample and actually dominate the NMR spectrum. In our
experience, this problem can only be completely eliminated by designating a
“fluoro-solvent-free” zone in the lab, comparable to the typical “protease-free” or
“nuclease-free” areas in a bio-lab. Even though the removal of TFA has been
reported [44, 45], we rarely found this approach to give satisfactory results.

2.1 NMR of Oriented Membranes

ssNMR structure analysis of MAPs in macroscopically oriented samples is based on
the simple principle that all membrane-bound molecules are aligned the same way
relative to the bilayer normal. The sample is placed into the spectrometer such that
its unique axis is parallel to the static magnetic field. This way, the orientational
dependence of the chemical shift anisotropy (CSA) and/or the dipole—dipole inter-
action (DD) (or the quadrupolar anisotropy in case of “H) directly reveals the
alignment of the NMR label. In the present context a single '’F-substituent or a
CF5-group is observed, but the same principle applies to “H-NMR (works well for
>H;-alanine) and '>’N-NMR (works well for uniformly backbone-labelled helices).
The most suitable '’F-NMR reporter is in fact the CF5-group, which is always
engaged in fast rotation around the C—CFj; axis at room temperature. The charac-
teristic feature to be measured is the angle 8 between the C—CF; axis and the
spectrometer magnetic field, which obeys the simple relationship DD o 3cos”0—1
(see Fig. 1a). The splitting DD is taken from the NMR spectrum, which has a triplet
lineshape consisting of both the axially symmetric '*F-'°F dipolar coupling and an
axially symmetric CSA (see Fig. 2c). The CSA of a mono-fluoro substituent, on the
other hand, is axially non-symmetric and therefore can no longer be described by a
unique angle 6. Another advantage of the CF3-group is the fact that the dipolar
splitting can be directly read off a single-pulse 1D spectrum, which needs to be
referenced (as has to be done for the CSA). The intrinsically unknown sign of DD
can be readily determined from the simultaneous spectral shift associated with the
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Fig. 1 Solid-state NMR structure analysis relies on the '"F-labelled peptides being uniformly
embedded in a macroscopically oriented membrane sample. (a) The angle () of the '°F-labelled
group (e.g. a CF3-moiety) on the peptide backbone (shown here as a cylinder) relative to the static
magnetic field is directly reflected in the NMR parameter measured (e.g. DD, see Fig. 2c). (b) The
value of the experimental NMR parameter varies along the peptide sequence with a periodicity
that is characteristic for distinct peptide conformations. (¢) From such wave plot the alignment of
the peptide with respect to the lipid bilayer normal (n) can then be evaluated in terms of its tilt
angle (1) and azimuthal rotation (p). Whole-body wobbling can be described by an order parameter
Smot- (d) The combined data from several individual '°F-labelled peptide analogues thus yields a
3D structural model of the peptide and how it is oriented in the lipid bilayer

CSA [46]. The local alignment of a peptide segment can thus be described by a
C—CF; vector that protrudes in a well-defined way from the o carbon on the
backbone (see Sect. 2.2 on F_labelled amino acids).

Several local labels need to be measured, usually one-by-one in individual
samples in the case of '’F-NMR. The combined set of anisotropic NMR parameters
then allows one to re-construct the geometry of the entire peptide and to determine
its alignment in the membrane, as illustrated in Fig. 1 [35-37, 47, 48]. The only
prerequisite is that the '’F-labelled moiety has to be rigidly attached to the peptide
backbone, and that the peptide assumes a well-defined secondary structure.
Provided that a sufficient number of local orientational constraints can be measured
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Fig.2 Mechanically oriented bilayer samples as a membrane model for ssNMR. (a) Illustration of
the hydrated lipid bilayers with MAPs embedded, the glass supports, and the insulating wrapping.
(b) A real sample consists of 15 stacked glass slides. (¢) Schematic solid-state "”F-NMR lineshapes
from an oriented CF3-labelled peptide (red), and the corresponding “powder” lineshape from a
non-oriented sample (grey). (d) Illustration of typical orientational defects in real samples — the
sources of “powder” contribution in the spectra

(usually > 3), it is possible to calculate not only the tilt-angle (t) and the azimuthal
rotation (p) of such a secondary structure element, but also to describe its wobbling
in terms of an order parameter S, (0 < S01 < 1). When four or more indepen-
dent constraints are available, the whole-body dynamics can in principle be eval-
uated in terms of an extended dynamical model [49-51]. The least-squares fitting
procedure can best be visualized by plotting the experimental NMR data (DD or
CSA) against the residue number of the peptide sequence. A wave-like pattern will
be obtained with a repetition after 3.6 residues for an a-helix, 3 residues for a
3,0-helix, 4 for a m-helix, or 2 for a B-strand (see Fig. 1b). It is thus straightforward
to find out which secondary structure is compatible with the experimental data and
which conformations can be excluded [35, 48]. The best-fit solution then yields at
the same time the values of 1, p and S, which fully describe the orientation of the
peptide with respect to the membrane normal. In this way, the membrane-bound
structures of several different types of MAPs have been resolved over recent years
[46, 52-54]. Notably, a peptide that does not bind at all and rather diffuses freely in
the aqueous layer will produce exclusively isotropic signals. A non-ordered or
aggregated peptide, on the other hand, will reveal itself by producing so-called
“powder”-lineshapes in an oriented sample.

For the orientation-based structure analysis of MAPs, uniformly oriented lipid
bilayers are typically prepared on solid supports as illustrated in Fig. 2 [23, 47, 55].
These mechanically oriented membranes are advantageous for static ssSNMR
experiments, as they provide a robust way to orient a sample with any desired
lipid composition, peptide concentration, and at any desired temperature. The lipids
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and the '"F-labelled MAP are usually co-dissolved in an appropriate organic
solvent, spread onto a number of glass plates, and stacked after evaporation of the
solvent. Oriented bilayers are spontaneously formed when this stack is equilibrated
in a humid atmosphere (typically 96% relative humidity over a saturated K,SO,
solution), and finally it has to be wrapped in a water-impermeable foil to maintain
the hydration level [34, 37, 56, 57]. Alternatively, when working with delicate or
aggregation-prone peptides, oriented samples can be formed from aqueous suspen-
sions of liposomes into which the peptide has been reconstituted by detergent
dialysis. In this case the suspension is deposited onto the support slide, and excess
water is removed by equilibration in a hydration chamber. During this process the
vesicles fuse and align on the slide as flat multi-bilayers.

2.2 "°F-Labelling of Peptides

Compared to conventional NMR isotopes (13C, ISN, 2H), 19F_labels cannot be
readily placed into proteins in a versatile manner by any biosynthetic expression
strategy. Certain auxotrophic bacterial strains can be used to incorporate iso-steric
"9F_labelled amino acids (e.g. Fluoro-Phe, Fluoro-Trp, Fluoro-Leu, Fluoro-Ile; see
Fig. 3), but yields tend to be low. Many other fluoro-organics are toxic if they get
converted into fluoroacetic acid, which blocks the enzyme aconitase in the citric
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Fig. 3 Important '°F-labelled amino acids. (a) Compounds that are iso-steric to native amino
acids can be incorporated into proteins biosynthetically, but they possess too many degrees of
torsional freedom to be useful for ssSNMR structure analysis. (b) In these artificial amino acids the
YE_reporter group is rigidly attached to the peptide backbone. They can be incorporated by solid-
phase peptide synthesis, but some problems can arise due to racemisation (4F-Phg, 4CF;-Phg),
steric hindrance of coupling (F3-Aib) or HF elimination (fluoro-Ala, F5-Ala). 4F-Phg is addition-
ally problematic due to an ambiguity of the side-chain rotamer. The preferred '°F-labels for
ssNMR structure analysis are CF;-Bpg and CF;-Phg (as suitable substitutes for Leu, Ile, Met,
Val and Ala), as well as F3-Aib and CF;—MePro
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acid cycle. Alternative ways of obtaining large '*F-labelled proteins are by means
of native chemical ligation, or by cell-free biosynthesis and semi-synthetic
approaches based on an extended genetic code [58—60]. Even though the yields
are still low, there is hope that methodological progress will favour these alternative
routes in the not-too-distant future.

Notably, when aiming to produce short MAPs, their biosynthetic production
tends to be particularly difficult anyhow. One reason is that the short mRNA is
rapidly degraded, such that recombinant expression is often only possible as a
fusion construct together with a large protein. On top of that, many amphiphilic
MAPs are intrinsically prone to cause membrane lysis, and organisms like E. coli
cannot usually cope with such toxic effects. Therefore, when at all possible, a fresh
recombinant '°F-labelling of MAPs would only make sense when an iso-steric '°F-
amino acid is to be incorporated. However, as these are too pliable to be used for the
ssNMR approach outlined (see below), chemical peptide synthesis remains the best
option. In principle, the covalent addition of a fluorinated moiety to an existing
peptide or protein (via SH-, COOH-, or NH,-groups) could enhance the repertoire
of '’F-labels, but these groups, too, are inappropriate for structure analysis.

Solid-phase peptide synthesis is the method of choice to produce polypeptides of
up to 50 amino acids, especially in the case of MAPs. Any unnatural amino acid can
be introduced, and recent developments in fully automated and microwave-assisted
instruments allow even some less reactive or sterically confined compounds to be
coupled [35, 61-63]. When selecting or designing a '’F-amino acid as a label for
ssNMR, several criteria have to be met. (a) For structure analysis in oriented
membranes the '’F-reporter group has to be rigidly attached to the Ca atom of
the peptide backbone. This is a fundamental prerequisite to be able to translate the
local angle 0 of the label into the overall geometry and alignment of the peptide (see
Fig. 1). (b) The F_labelled amino acid must not compromise the conformation or
biological action of the peptide, hence the substitution should maintain the second-
ary structure propensity, steric size and polarity. (c) The '’F-labelled amino acid
should be stable under conditions of peptide synthesis. In view of all these restric-
tions, it is obvious why only very few out of the many known '°F-labelled amino
acids can be used for ssSNMR. Adequate substituents have been demonstrated for
Leu, Ile, Met, Val, Ala, Aib, and more recently also Pro [53, 61, 64].

Commercially available 4F-Phg was historically the first label used to develop the
basic ssSNMR approach on the fusogenic peptide B18 and on antimicrobial gramicidin
S (GS) (see Fig. 4 for sequences) [52, 65, 66]. From nine individual substitutions, the
B18 peptide was shown to assume a ‘“boomerang”’-like helix-loop-helix structure in
the membrane. In the case of GS, four positions were used, though in principle two are
sufficient thanks to the symmetrical cyclic backbone. Given the latent ambiguities of
single '°F-substituents, CF3-Phg were introduced and their advantages demonstrated
for the helical antimicrobial peptide PGLa [46]. Four '°F-labelled PGLa analogues
were used to determine the molecular conformation and to describe several different
alignment states in the membrane. Depending on the sample conditions, this repre-
sentative a-helical peptide is able to bind flat to the membrane surface, to insert into
the bilayer with an oblique tilt angle, and to assume an upright transmembrane
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Fig. 4 Representative membrane-active peptides that have been studied by solid-state '’F-NMR.
(a) The primary sequences show which positions were substituted (filled green boxes) or which
ones could in principle be substituted (dotted green lines). (b) Characteristic conformations of the
peptides in the membrane-bound state. The space-filling solvent-accessibility models emphasize
the amphiphilicity by colouring hydrophobic residues in yellow and cationic side-chains in blue.
(¢) Observed structures and alignment states of the peptides as determined by '’F-NMR

alignment that is presumably responsible for pore formation. These intriguing '°F-
NMR results were found to be in excellent agreement with an independent H-NMR
analysis based on entirely non-perturbing H;-Ala substitutions [33].

As a further improvement in the development of '°F-labels, CF5-Bpg was
specifically designed and custom-made for '’F-NMR. Again, PGLa was used to
demonstrate the ideal properties of this novel label. This amino acid has since
become a “gold standard” for '"F-NMR of MAPs and been applied to several
different types of peptides [54, 64, 67-69]. Likewise, F3-Aib in both R- and
S-configurations has been introduced as an ideal label for peptaibols, with alamethi-
cin as a representative example [70]. Most recently, CF;—methano-proline with a
rigidified ring has been prepared and is currently being explored as a '°F-label in the
proline-rich peptide SAP [53].

3 Lipid Model Membranes

To study the structural behaviour of MAPs, an adequate membrane model (see
Fig. 5) is essential. Simple organic solvent systems, such as DMSO, MeOH/H,0
or TFE/H,O mixtures, present a similar dielectric environment as a membrane on
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Fig. 5 Membrane models for NMR structure analysis. (a) An isotropic detergent micelle (lef?) is
compared to the dimensions of lipid bilayers (right). (b) Macroscopically oriented membrane
samples can be prepared on solid support, as nanodiscs, or as magnetically oriented bicelles. (c)
Nomenclature and variability of liposomes: small (SUV, 20-40 nm), intermediate (IUV,
40-60 nm), large (LUV, 100400 nm), and giant unilamellar vesicles (GUV, ~1 um); multi-
lamellar (MLV), oligo-lamellar (OLV) and highly heterogeneous multi-oligo-lamellar vesicles
(MOLYV)

average, and tend to favour H-bond formation. Though perfectly suitable for many
spectroscopic techniques, including liquid-state NMR [71, 72], and even extend-
able to an ssSNMR situation by freezing the solution [73, 74], such models obviously
fall a long way short of an anisotropic lipid bilayer environment. Spherical deter-
gent micelles exhibit a diffuse membrane—water interface and a hydrophobic core,
hence an overall dielectric gradient is present [75—77]. However, their high radius
of curvature makes it difficult to assess the membrane alignment of a peptide, and
structural aspects related to higher-order peptide—peptide interactions such as pore-
formation cannot be addressed either. The former problem is alleviated by the use
of isotropic bicelles [78—80], which are prepared from a mixture of a long-chain
lipid and a short chain detergent (such as SDS, DPC, CHAPSO or DHPC) with a
molar ratio ¢ < 1 and concentrations of ~10-15 wt% [81, 82]. Small isotropic
bicelles are increasingly used in liquid-state NMR, empirically providing better
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spectra. In most cases when using micelles, however, solubilization is the prime
aim, though words of caution have been raised [83]. Isotropic detergent assemblies
are often visualized with a definite shape, even as a rigid ball (oblate or prolate at
best), in which the peptide or protein is immersed [84, 85]. In reality, though,
micelles possess neither well-defined hydrophobic nor stable surface dimensions, as
the detergent molecules rather adjust themselves around the hydrophobic part of the
protein or peptide. Micelles are therefore perfect solubilizing agents for transmem-
brane segments, but of limited use in characterizing amphiphilic MAPs.

A different scenario is encountered with large planar bicelles, e.g. of DMPC/
DHPC with a typical molar ratio ¢ > 3 in suspensions of 15-25 wt%, which are
often depicted as pancakes but may also look like a stack of cylindrical micelles or a
slice of Swiss cheese [86—88]. These assemblies can orient themselves macroscop-
ically in the strong magnetic field of an NMR spectrometer within a certain
temperature window. Due to the magnetic susceptibility of the lipid acyl chains,
the bilayer normal will usually be aligned at right angle to the field axis, but they
can be flipped parallel by the addition of lanthanide ions [47, 86, 89]. This latter
type of membranous sample is particularly well suited to measure anisotropic
ssNMR parameters with a structural approach that has been outlined in Sect. 2.1
for the case of mechanically oriented bilayers (see Fig. 5b). Oriented bicelles are
perfectly applicable to study transmembrane segments of proteins, though amphi-
philic MAPs might interact with the rim and perturb the system in an unforeseen
way. Lipidic nanodiscs, finally, fenced in, e.g. by an apolipoprotein belt, can in
principle be used in the same way as magnetically oriented bicelles [90].

Lamellar bilayers formed from synthetic lipids are the preferred models that
most closely mimic natural cell membranes. Vesicles — or liposomes — with distinct
sizes and degrees of lamellarity (see Fig. 5) can be prepared by extrusion, dialysis,
sonication, vortexing, freeze-thawing or similar treatments [91, 92]. In vigorously
sonicated lipid dispersions [75-77, 93] the overall molecular re-orientation is
relatively fast on the NMR time scale due to tumbling of the SUVs and/or lateral
diffusion of the lipids around the curved surfaces. Such orientational averaging,
however, can be essentially ignored in multilamellar vesicles, which are typically
prepared as non-oriented samples for sSNMR with a total water content of about
50 wt%. In these samples the full spherical distribution of molecular orientations
makes the above-mentioned anisotropic sSNMR approach theoretically possible
though less straightforward in the case of mobile peptides, while being impossible
in the case of immobilized peptides.

Compared to the sizes of living cells,' ITUV and LUV resemble the dimensions of
enveloped viruses (ranging from 80 to 400 nm) [94], while GUVs resemble typical
bacteria and erythrocytes (1-7 pm). Eukaryotic cells tend to be even larger
(10-30 pm in animals, 10-100 um in plants). These dimensions imply that, except
for viruses or specific sub-cellular membranes, flat bilayers are the only relevant
membrane models. Hence, macroscopically oriented bilayers on solid supports (see

"http://bionumbers.hms.harvard.edu.
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Figs. 2a and 5b) are a good choice for ssNMR structure analysis of MAPs [23, 47,
55]. The fact that mechanically aligned multi-bilayer stacks are hydrated close to
100% but do not contain any excess bulk water turns into an important but often
overlooked advantage. Since the binding equilibrium of a peptide is driven
completely towards the membrane-bound state under these conditions, even when
electrostatics are not optimal, MAPs with a low membrane-affinity or in certain
cases even transient states can also be trapped and characterized [95-97]. In
mechanically supported bilayers the lipid composition can be chosen in a highly
flexible way, the peptide concentration can be fully controlled, and it has even been
possible to prepare pH-controlled samples recently. The physico-chemical aspects
of peptide-lipid interactions are conveniently modelled in binary or ternary mix-
tures of synthetic phospholipids. For example, systems based on the uncharged 1,2-
dimyristoyl-glycero-3-phosphocholine (DMPC, a good bilayer-forming lipid with a
chain melting phase transition temperature around 22 °C, which is stable against
oxidation, hydrolysis, etc.) can be combined with an anionic species such as 1,2-
dimyristoyl-glycero-3-phosphoglycerol (DMPG, which mixes smoothly with
DMPC without phase segregation), and/or with cholesterol (which modulates
membrane fluidity in animals), and/or with 1-palmitoyl-2-oleoyl-glycero-3-phos
phoethanolamine (POPE, which has an intrinsic negative curvature and favours
inverted hexagonal phases), etc. Our two representative antimicrobial peptides
PGLa and GS (Fig. 2) have been extensively studied by 'F-NMR in supported
membranes over a wide range of conditions by systematically varying the lipid
composition, membrane charge, peptide concentration, lipid phase state, degree of
sample hydration and spontaneous lipid curvature [33, 46, 65-67, 95-99]. These
physico-chemical factors have been found to affect the peptide behaviour, as
characterized in terms of molecular orientation, re-alignment and self-assembly,
in a logical and comprehensive way.

The more biological properties of native membranes with highly complex lipid
compositions can be imitated by choosing appropriate mixtures reflecting the major
components of a typical prokaryotic or eukaryotic membrane [55, 97, 100, 101]. The
lipid acyl chains tend to be partially unsaturated, rendering the bilayers in a liquid
crystalline state, though various kinds of gel-like microdomains are known to co-
exist. Prokaryotic membranes are conveniently modelled by mixtures of anionic
phosphatidylglycerols (PG) and cardiolipins (CL) with zwitterionic phosphatidy-
lethanolamines (PE) [102—104]. Eukaryotic plasma membranes, on the other hand,
consist mainly of zwitterionic phosphatidylcholines (PC), sphingomyelines (SM)
and PE. They also contain small but significant amounts of PG, phosphatidylserines
(PS) and phosphatidylinositols (PI). One of the major differences to prokaryotes is
the presence of cholesterol, which provides the eukaryotes with enhanced membrane
stability. However, this is a highly oversimplified view, as there are thousands of
lipid species present in every native membrane. The analysis and documentation of
all membrane lipids from different types of cells is a project of global dimensions,
and one of the main goals of the recent post-genome screening initiatives [105].

Given the overwhelming compositional complexity of biomembranes, a slightly
better representation can be achieved when lipid extracts from native sources are used
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for bilayer formation (e.g. the total or polar E. coli extracts, or preparations from
bovine brain, liver or heart, which are all available commercially). The batch-to-batch
reproducibility of individual preparations is limited, and a more serious problem is that
these “total” extracts are prepared from the whole tissue. Hence they naturally contain
some non-lipidic hydrophobic molecules, and in eukaryotic cases they do not originate
from a single membrane type but contain all components from all membranous
organelles as well. In these samples, due to their comparatively poor compositional
characterization, it is difficult to specify a peptide-to-lipid ratio. Instead, weight/
weight ratios can be used, or the number of phospholipid molecules can be estimated
from phosphate determination, using, e.g. a Bartlett or Stewart assay [91, 106].

4 Native Biomembranes

Intact biological membranes are far more complex systems than even the lipid
extracts (see Fig. 6). In hardly any case do the lipid components exceed 50% of the
dry weight, as membranes intrinsically contain numerous proteins and various
glycoconjugates. This diversity is most pronounced in the plasma membrane
(irrespective of the genera) which is effectively amalgamated with the non-lipidic
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Fig. 6 Illustration of representative cell envelopes from prokaryotes and eukaryotes that are
typically encountered by antimicrobial peptides. The key components of the biomembranes and
cell wall or glycocalyx are shown, and the averaged protein content and typical dimensions are
drawn to scale
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exoskeleton or glycocalyx. Bacteria possess a rigid cell wall outside the cell
membrane, which are together referred to as the cell envelope. The cell wall
consists of the heteropolymer peptidoglycan, in which linear chains of alternating
N-acetylglucosamine and N-acetylmureic acid are cross-linked by group- and strain
specific, often unusual, amino acids [107, 108].

In Gram-positive species the cell wall is assembled from multiple layers to about
25 nm thickness, and it is covered by extracellular anionic polymers which contribute
up to 10% of the total weight [109-111]. Typical are teichoic acids (TA), which are
phosphorus-containing polymers with 16 to 40 units of ribitol or glycerol that can be
adenylated and/or glycosylated. TAs are either covalently bound to the peptidoglycan
(wall teichoic acids — WTA) or anchored in the membrane via a glycolipid (lipotei-
choic acids — LTA). A few Gram-positive bacteria do not possess conventional LTA
and WTA, but instead have functionally analogous polyanions. Micrococcus luteus,
for instance, possesses lipomannan, a polymer of mannosyl residues being esterified
with succinyl groups to approximately 25% [110, 112, 113].

In Gram-negative bacteria the cell wall is only about 3 nm thick, and located in
the extended periplasmatic space between the inner membrane (IM) and an addi-
tional outer membrane (OM). The lipid monolayer in the outer leaflet of the OM
contains about 90% lipopolysaccharides (LPS). LPS consist of Lipid A and an
oligosaccharide component, which is highly specific for individual bacterial species
and phenotypes [108, 114].

Unlike other Eukarya, animal cells lack cell walls, though they tend to be
surrounded by a highly developed glycocalyx of up to 140 nm in thickness [108].
This diffuse layer of densely packed oligosaccharides has a heterogeneous compo-
sition and is connected to the membrane via lipids or integral proteins. The
“boundary” of the cell usually extends beyond the mere lipid bilayer with its
embedded proteins, and the extracellular structures provide initial sites of interac-
tion or are themselves targets for MAPs such as antimicrobial peptides [115].

4.1 Erythrocyte Ghosts

Erythrocytes are probably the best-established cell system and the most common
model for eukaryotic cell membranes. For instance, in evaluations of MAPs as
antibiotics, their cytolytic effect on red blood cells is routinely studied in haemo-
lysis assays as a general measure of toxic side-effects [116, 117]. In human
erythrocytes, which do not contain a nucleus or intracellular organelles, the protein-
to-lipid ratio is about 1:1 (wt/wt). Of the membrane lipids, 60-80% are phospho-
lipids (SM and PC in the outer monolayer; PE, PS and PI in the inner one), up to
25% cholesterol, and up to 10% glycolipids. The latter are almost entirely (95%)
located in the outer leaflet [103, 118, 119]. To prepare erythrocyte membranes as
so-called “ghosts”, the cells are exposed in extensive washing steps to a hypotonic
medium, which causes them to swell and the membrane permeability to increase.
The membrane reseals again for larger molecules like haemoglobin, but stays
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permeable for smaller compounds like ions [119-121]. By repeated washing/
centrifugation cycles the cytoplasm is effectively removed, and upon membrane
re-sealing “ready-to-use” ghost suspensions are obtained [122—-124]. These are
accessible relatively quickly (in a couple of days), in large quantities (several tens
of milligrams from a single blood bag) and low in contaminations [122, 125].
Several ssNMR investigations have already been performed on erythrocyte mem-
brane vesicles [126, 127] and even on erythrocyte membranes oriented by an iso-
potential spin-dry ultracentrifugation technique [128]. However, this latter procedure
is rather tedious and not really required, as we recently found that orientation can also
be achieved by depositing a ghost suspension onto a glass slide, followed by vapour-
phase equilibration against a saturated K,SO, solution (96% humidity [129]) [124].
Representative solid-state *'P-NMR spectra of non-oriented and of macroscopically
aligned ghosts prepared this way are shown in Fig. 7. The non-oriented membranes
yield classical “powder” lineshapes with the characteristic dimensions (CSA span of ~
35 ppm) of synthetic phospholipid bilayers [124, 128]. The spectra of the oriented
ghost samples are also equivalent to those of model phospholipid bilayers. At the
horizontal sample alignment they show a narrow lipid signal (6—7 ppm width), which
is scaled by the factor —1/2 after tilting the sample to 90° in the static magnetic field
[124]. Notably, no separate signals of individual types of phospholipids in erythrocyte
membranes are resolved. A small isotropic component of varying intensity was
observed in different freshly prepared samples and can be attributed to residual
inorganic phosphorus after washing, or to a small fraction of lipidic non-bilayer phases

40 0 -40 0 0 40
3 'P)/ ppm 3 3'P)/ ppm

Fig.7 Comparison of the solid-state *'P-NMR spectra from erythrocyte ghosts (left column) and
of DMPC model membranes (right column). Samples are prepared as a non-oriented suspension in
excess water (a, d), and as macroscopically oriented membranes on glass slides that are aligned
either parallel (b, e) or perpendicular (c, f) to the static magnetic field
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like micelles or a cubic phase. Nevertheless, these isotropic signals were found to be
useful as an internal reference and as an indicator on the hydration status. They are
sharp in freshly prepared samples, but broaden, decrease or vanish during long NMR
measurements or upon heating, due to drying of the sample, since the intensity is
restored after rehydration in a humid atmosphere.

When the '°F-labelled antimicrobial peptide PGLa was co-incubated with ghosts
in the final washing step, the "YF-NMR signal was fully contained in the pellet after
centrifugation, which indicates complete membrane binding [124]. The
corresponding *'P-NMR spectra showed no difference between peptide-supple-
mented and peptide-free preparations up to a peptide-to-lipid ratio of P/L ~ 1:20
(mol/mol) (as estimated by a modified Bartlett phosphorus assay [91]). By analyz-
ing the same four '°F-labelled PGLa analogues as in the model membrane studies
cited above, we found that this a-helical peptide assumes a surface-aligned state in
ghost membranes. It could thus be demonstrated for the first time that the sensitivity
of ""F-NMR and the lack of a natural abundance background indeed permit ssNMR
studies of native biomembranes. The lineshapes were broader and less well
resolved than in model membranes, and NMR measuring times were up to 36 h
(compared to 12 h for the same P/L ~ 1:300 in DMPC/DMPG). Nevertheless, a
comparison of the characteristic dipolar splittings provided a unique answer on the
dominant alignment state of PGLa in ghost membranes. We did not, however, find
evidence for a tilted or membrane-inserted state of the peptide that would corre-
spond to the formation of a transmembrane pore, as had been detected in DMPC
model membranes [96, 130]. In contrast to the more uniform situation in synthetic
lipids, where unique alignment states could be trapped, it was noted that multiple
peptide pools co-exist in the ghost samples. A significant proportion of the spectral
intensity corresponded to an immobilized and non-oriented “powder” fraction of
peptides. This signal got reduced with increasing temperature and was attributed to
peptides bound to the glycocalyx rather than the lipid bilayer [124].

More recently we observed a similar picture for the '°F-labelled antimicrobial
peptide gramicidin S in ghost membranes, which is illustrated in Fig. 8 and has not
been published before. At low temperature the '’F-NMR signal of '*F-labelled GS
is very broad (Fig. 8c) and corresponds to the “powder” lineshape that is known
from DMPC/cholesterol model membranes (Fig. 8f). Under these conditions the
peptide is immobilized and not bound to the membranes in any well-defined,
oriented manner [130]. Upon raising the temperature, a narrow signal successively
appears close to —117 ppm (Fig. 8a, d), which can be assigned to surface-aligned
peptides [65, 96]. At around 25 °C in DMPC bilayers, an additional broad signal
appears transiently near —80 ppm (Fig. 8e), which has been attributed to peptide
molecules that have flipped their alignment and inserted into the membrane as a
putative oligomeric pore [96, 97, 130]. In ghost membranes, we have carefully
analyzed the corresponding region of the spectrum to obtain evidence for such an
upright peptide orientation. However, spectral the intensity seen around 35 °C in
ghosts (Fig. 8b) is only a remnant of the powder contribution and does not signify
an inserted alignment of the peptide as a pore.
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Fig. 8 Representative solid-state '°F-NMR spectra of '’F-labelled gramicidin S (substituted at
both Leu positions with 4F-Phg), embedded in macroscopically oriented ghost membranes (/eft
column) and DMPC bilayers (right column) at a peptide-to-lipid ratio of about 1:40 [in (F) the lipid
was 1:1 DMPC/cholesterol]. Depending on temperature, the peptide can assume different align-
ment states, which are strikingly similar in the native membranes and the model bilayers

In summary, we may thus conclude that PGLa and GS do not form stable, NMR-
observable pores in native membrane as readily as they do in model bilayers. The
corresponding tilted and/or inserted states of our two representative MAPs could
only be comprehensively characterized in DMPC-based samples, where the pep-
tides could be trapped in a uniform state. In living cells, on the other hand, these
states would seem to be only of a transient nature, i.e. at the very moment when the
antimicrobial peptide attacks the membrane and passes through the lipid barrier
along its concentration gradient towards the cytosol.

4.2 Bacterial Protoplasts

As for erythrocyte ghosts and other animal cell membranes, protocols for bacterial
membrane isolation have been used for decades by cell microbiologists [131]. Until
our pioneering YF.NMR study on PGLa in native membranes [124], however, such
preparations were not employed in ssSNMR spectroscopy. Initial attempts to copy
the alignment procedure for ghosts with Gram-positive Bacillus subtilis protoplasts
had failed at the stage of obtaining “clean” *'P-NMR spectra, as they were
dominated by an intense isotropic signal. Since this component could not be
removed by extensive washing, it was obviously membrane-bound and originated
from TA, which are known to be abundant in the envelope of most Gram-positive
bacteria including B. subtilis. Even bacteria that are devoid of TA often still possess
phosphate-containing anionic cell wall components, like lipomannanes [109, 110].
Lipomannan of Micrococci, however, is a lucky exception as it completely lacks
phosphates [132], and M. luteus is a typical example of these microorganisms.



108 K. Koch et al.

b fe,

(2]
=
—
L

50 0 -50
3 ('P)/ ppm

Fig. 9 Representative solid-state *'P-NMR spectra from M. luteus protoplasts, prepared as a non-
oriented suspension in excess water (a), and as macroscopically oriented membranes on glass
slides that are aligned either parallel (b) or perpendicular (c) to the static magnetic field

The ratio of protein to lipid in the cell membrane of M. luteus is about 7 to 3 (wt/wt),
and the lipids comprise up to 70% negatively charged PG. This lipid is predomi-
nantly located in the outer monolayer, and the remaining 30% dimannosyldiacyl-
glycerol (DMDG) are symmetrically distributed between both leaflets [103, 133].

To prepare native membranes from M. luteus by osmotic lysis in a similar manner as
described for erythrocytes, the thick cell wall first needs to be removed by lysozyme,
and the protoplasts can be treated with hypotonic medium [122, 123]. Similar to
erythrocyte ghosts, M. luteus protoplast preparations can be aligned on glass slides,
as seen in Fig. 9. Once again, no separate *'P-NMR signals of individual types of
phospholipids are resolved, and isotropic signals with low intensity are present, within
a CSA span of about 27 ppm. However, the linewidths of the oriented protoplast
membranes are significantly larger than in oriented ghosts. This higher mosaic spread
might be a consequence of the higher percentage of proteins in membranes of M. luteus.
On top of that, the surface area of a flattened bacterial protoplasts (< 12 pm?) is more
than an order of magnitude smaller than that of an erythrocyte (> 120 um?), with a
correspondingly higher number of edge defects in an oriented sample (see Fig. 2d).
Together with the fast diffusion of lipids around these highly curved defects, this will
contribute a broadening of the oriented signals within a narrowed CSA span.

In these protoplast preparations the possibility of solid-state '’F-NMR was also
demonstrated using PGLa, and the presence of a surface-bound o-helix was
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Fig. 10 Representative solid-state '’F-NMR spectra of '°F-labelled gramicidin S (substituted at
both Leu positions with 4F-Phg), embedded in macroscopically oriented bacterial protoplasts at a
peptide-to-lipid ratio of about 1:40. These membrane samples are intrinsically less well oriented
than the ghosts in Fig. 8, and a TFA contamination is marked with an asterisk

confirmed [124]. Our more recent spectra of '°F-labelled GS (Fig. 10) support a
similar surface-bound state at higher temperature, and a more immobilized fraction
at low temperature, similar to the situation seen in ghost membranes (Fig. 8). These
data are less clear-cut, however, and also of a lower quality. While it had been noted
that the protoplasts of M. luteus bind about tenfold more PGLa than erythrocyte
ghosts, this could not be confirmed for GS.

4.3 LPS-Containing Membranes

Having established a suitable system to study MAPs in native membranes from
Gram-positive bacteria, it would also be very interesting to characterize their
interactions with Gram-negative ones. An antimicrobial peptide will at first encoun-
ter the LPS-monolayer of the OM, which we have accordingly tried to prepare as an
oriented NMR sample. The hope was to use so-called exosomes as intrinsic
membrane sources, as these vesicles (MV) are constitutively secreted by almost
any cell type [134-136]. In common animal cells there are only a few dozen
exosomes per cell and the accessible amount of material precludes mass production,
but for bacteria the situation is advantageous [137, 138]. Like many other biofilms
producing Gram-negative bacteria, Pseudomonas aeruginosa, for instance, is able
to produce MVs in milligram quantities per litre. As these MVs have budded off
from the OM of the cell envelope, they constitute a genuine, asymmetrical LPS-
lipid bilayer. They are 50—100 nm in diameter and provide communication between
cells, defence against harmful substances, or mediate toxicity towards the host
organism. Following a period of bacterial growth, the MVs can be obtained from



110 K. Koch et al.

Ol

T T

T T T
100 0 -100 -200

3 C'P)/ ppm

T
200

Fig. 11 Representative 3p_ssNMR spectra from exosomes of P. aeruginosa prepared as suspen-
sions in water excess. Preparations are from two strains, which differ in their LPS structure: rmlC
(top) and PAOL1 (bottom). Spectra are dominated by signals from DNA

a cell-free supernatant by ultracentrifugation [139-141]. In contrast to the erythro-
cyte ghosts and protoplasts of M. luteus, however, we have not found the harvested
MVs to be applicable for ssNMR. The *'P-NMR spectra are much broader and
dominated by an isotropic component, as illustrated in Fig. 11. Detected significant
amounts of DNA in these preparations interfere with the *'P-NMR, which empha-
sises that the interior of MV should not be ignored. Yet, by optimized washing
procedures and with application of nucleases, some control over these might be
gained. Furthermore, the very small size of these vesicles makes the prospect of
obtaining well-oriented membrane samples rather gloomy, given our experience
with the increased abundance of defects in the oriented protoplast samples com-
pared to the ghosts.

S Limitations and Future Perspectives

On the way towards in-cell NMR, the principle feasibility of studying MAPs in
native cell membranes by solid-state '’F-NMR has now been demonstrated for two
examples: the antimicrobial peptides PGLa and gramicidin S. Further applications
can now be envisaged for other MAPs with simple secondary structures like short
temporins [142], magainins [143], and designer-made analogues like MSI-103
[144], MAP [145], or BP100 [146], which are currently being characterized in
lipid model membranes. In parallel, other types of cell membranes could be
explored, from plants, fungi, and even from intracellular organelles. From the
methodological perspective, the main restrictions are (a) the absence of *'P-signals
other than from phospholipids to allow a characterization of the oriented mem-
branes, and (b) the membrane preparation should yield sufficient material (several
milligrams of dry weight per sample).
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The solid-state '’F-NMR experiments have become possible by exploiting the
high sensitivity of fluorine and its lack of a natural abundance background on the
one hand, and by optimizing the preparation of oriented samples from native
membranes on the other. These two aspects also represent the critical points for
further improvements in moving from native membranes towards living cells. The
whole arsenal of signal enhancement approaches could be applied by using novel
hardware, DNP, and/or "F_NMR. Sufficient sensitivity and signal-to-noise would
even alleviate the need to prepare macroscopically aligned samples when working
with small, rapidly diffusing peptides in fluid membranes.

In these first demonstration studies we have always found the peptides to be in a
structurally more heterogeneous situation than in model bilayers, as evident from
the multi-component '’F-NMR spectra. There were multiple peptide fractions co-
existing in these samples, including not only surface-bound but also immobilized
and freely tumbling peptide pools. Their relative proportions varied with tempera-
ture, but no conditions could be found where a single species was uniformly
present. This finding is not surprising, given that extra-membranous carbohydrate-
and protein-rich layers are present in native membranes, with dimensions similar to
or larger than the lipid bilayer. Essentially, due to this complexity of biological
membranes, the in-cell NMR determination of structural parameters for any MAP is
de facto going to be intrinsically difficult. It has so far not been possible to detect a
tilted or membrane-inserted state of a '’F-labelled peptide in a native membrane
sample, which has been reported from model membrane studies to represent distinct
re-alignment steps into a transmembrane pore. This lack of data may have two
reasons: (a) either the experimental conditions have not yet been found to trap these
remarkable alignment states, and/or (b) the pore-associated state may occur only
transiently and/or only at very low concentration in the heterogeneous environment
of a native cell membrane. Nevertheless, having demonstrated here the fundamental
similarity of a peptide’s alignment in model bilayers and in native membranes, it is
straightforward now to screen the structural behaviour and orientational states of
MAPs in model membranes before further characterizing a selected few in native
biomembranes. Especially the comparison between bacterial protoplasts and eukary-
otic ghost membranes, including quantitative binding affinities and stepwise re-
alignment thresholds by NMR, should help to shed light on the selectivity of antimi-
crobial peptides in terms of their molecular mechanisms of membrane perturbation.
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