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Solid-state NMR spectroscopy provides valuable information on
the structure, dynamics, and macroscopic phase properties of
membranes. Whereas nuclear interactions such as dipolar, quadru-4 )
polar, and chemical shift anisotropies dominate the static NMR
spectra of nonordered solid matter, different approaches have been
developed to obtain high-resolution solid-state NMR spectra. First,
magic angle sample spinning (MAS) of unordered samples results rjge 1. (A) Geometrical arrangement of glass plates and rotor used in
in efficient averaging of nuclear interaction anisotrogi€sst magic conventional MAOSS. (B) Arrangement of the MAS rotor and the
angle sample spinning in combination with multidimensional NMR, membranes, oriented onto a cylinder wrapped from thin PEEK shegts. Z
high magnetic fields, and isotopic labeling have thus provided high- = Membrane director, Z= rotor axis.
resolution solid-state NMR spectra (e.g. refs 2 and 3). Whereas

dipolar couplings and, therefore, distances can be measured
accurately with MAS NMR spectroscopy,orientational informa- A) N C)
tion in complex systems is lost with this technique. A second ,l M P

approach consists of orienting fibers or membranes with respect to

the magnetic field direction. Although considerable narrowing of 30020100, 1020 ppm
NMR resonances is achieved, the anisotropy of chemical shifts, B) D)

quadrupolar interactions, or dipolar couplings is maintained. The *

orientational dependence of these parameters has been used to M |

determine the alignment and structure of membrane polypeptides ——v"77 ¢ 0 20 ppm 30 20 10 0 -10 20 ppm
(reviewed e.g. in ref 5). . . Figure 2. Proton-decoupled Hahn-ecR& MAOSS spectra of a lipid-
More recently, the two approaches have been combined into peptide mixture oriented on a cylinder of PEEK film recorded at 300 K

magic angle-oriented sample spinning (MAOSS). For this approach under slow ¢, = 565 Hz) spinning (A) and its simulation using 80%
membranes have been applied onto small circular glass disks thatoriented lipid, mosaic spread of 3,7.orentzian line broadening of 30 Hz,

i ; ; and tensor elements ofi = 31.9 ppm andp = —15.9 ppm as parameters
fit inside 7 mm MAS rotorS (Figure 1A). The resulting stacks of (B). The asterisk indicates the isotropic resonance. StRigpectrum of

glass plates have thereafter been subjected to MAS solid-state NMRye same sample as in (A) withkZBo (C) 31P MAOSS spectrum of 10 mg
spectroscopy. Although centrifugal forces limit the spinning speeds of DMPC lipid bilayers at 10 kHz spinning speed (D).

applicable, impressive enhancements in line narrowing are observedjnag are obtained when at the same time orientational information
when compared to static oriented samples, where residual dipolarig qintained (Figure 2A,B)

and chemical shift anisotropies persist due to imperfect sample 1y theoretical framework for analyzing MAS solid-state NMR
alignment. On the other hand, broadening of resonances in MAS gpacira has been presented in detail in ref 11. In short, the time-
by low-frequency undulations, which are present in liposomes, are dependent resonance frequendf) of a particular spin packet in

abolished by mechanically supporting oriented membrénes. the presence of the chemical shift interaction is expressed with the
In this report the MAOSS technique is further explored. In Wigner rotation matrixes aBqo

contrast to previous experimerftan experimental setup has been

designed in this laboratory that allows the orientation of membranes w(t) = wg[o; + (055 — 7,)Doo(2p) +

with the_ir n_ormal perpendicul_ar to the rotor_aiiihis is achieved (041 — 055)(D_(Qp) + Do Qp)]

by application of bilayer constituents onto thin polyetheretherketone _ _

(PEEK) films. It has been shown previously that either PEBK The s_et of E_uler angleQp, describes the transformation from the
glass surfaces (e.g. 9) provide suitable supports for orienting Principal axis system (P) to the laboratory frame §£j.The
membranes. Advantage has been taken of the flexibility of SPectrum of a sample is calculated by summation of the orientation-
polymeric sheets which allows them to form a continuous spiral of dependent signals. The geometrical arrangement of membrane-
the film that fits inside MAS rotors (Figure 1B). Support of the coated PEEK cylinders in a MAS rotor (Figure 1B) is consistent
membrane normal in the direction of centrifugal forces enables with a circular distribution of molecules around the rotor axis and
application of high spinning speeds and results in a high degree of fast rotational diffusion of the lipids around the membrane director
sample orientatio®® Here we explore oriented peptieiépid Zp (axis system D). The rotor is inclined at the magic artgle=

systems under fast and slow MAS. Our results indicate that narrow 94-7 With respect to the magnetic field directionofiand spinning
atw, about the rotor axis Z The transformation from (P) to (L) is

 Max-Planck-Institut fu Biochemie. thus described by three steps or sets of Euler anglgs Bro,
* Institut Le Bel. yep), (Qpr, 9C°, YpR), and Q@rL, Om, w((t)) (Figures 1B and 3C). A
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o) Zo 7/l rotor axis, and hence about the membrane normal. The e_xperimental

* PR * 31P MAOSS NMR ssb pattern recordedat = 565 Hz with the
lipid—peptide mixture is shown in Figure 2A. The intensities of
the ssbs of this oriented sample are significantly different from those
observed in the presence of powders, some of the ssbs being
virtually missing. Excellent agreement between the simulated and
the experimental intensities exists when a mosaic spread dfs3.7
taken into consideration (Figure 2A,B). The orientational degree
: : . . . : . . . . . . of the sample was tested by transferring it into a static NMR probe

250 200 150 100 50 ppm 250 200 150 100 50 ppm head (Figure 2C). The resonanceatl7 ppm is indicative of the
Figure 3. (A) H-decoupled™N cross polarization of the MAOSS NMR membrane director being perpendicular i ith pure lipids, the

spectrum of 4% PN-Leu14]-KKKAL LALLA LWALL LALLA KKK- percentage of randomly oriented lipid is10%. Magic angle
amide in 80 mg of oriented DMPC. (The asterisk indicates isotropic spinning of this sample also results in efficient averaging of residual

resonance at 120 ppm; = 1.5 kHz, 250 K.)*NH,Cl is used as an external  anjsotropic interactions and lines considerably sharfier/4 = 30

reference (41.5 ppm). (B) Simulation of spectrum A withp = 10°, a : : :
Gaussian distribution of 25 Lorentzian line broadening of 150 Hz, and Hz) than those reported previously in conventional MAOSS

A) Yep op, B)

tensor elements af1; = 57 ppm,oz2 = 83 ppm, andrss = 220 ppm. (C) experiments. _ _ .
Transformation from the Principal Axis System to the membrane director ~ The new technique was also used to investigate the membrane
frame. tilt angle of ana-helical peptide. ThéH-decoupled®N MAOSS

spectrum is shown in Figure 3A. The simulated sideband intensities
(Figure 3B) were calculated with the geometry described in Figure
3C. The ssb pattern of the sample is indicative of the transmembrane
alignment of the peptider-helix and in agreement with results
obtained in static oriented samples (C. Aisenbrey and B. Bechinger,
unpublished result).

Whereas previous experiments have demonstrated that narrow
lines and high resolution are possible with use of magic angle
oriented sample spinning at low spinning spe®dhkis paper
introduces new methodologies that allow this technique to be
extended to high MAS frequencies, together with the possibility
of using small diameter rotors (e.g. 4 mm). Application of high-
resolution multidimensional NMR pulse sequences to fast spinning
of oriented membranes is straightforward. At the same time
topological and orientational information remains accessible.

Gaussian distribution accounts for the mosaic spread of the
membrane (Figure 1B), as well as for the distribution of the tilt
angle of the peptide (Figure 3C). The orientation of'fiéechemical
shift PAS system (Figure 3C) with respect to (D) is given by the
polar anglefpp. The azimuthal anglegor andypp and the polar
angleapr are assumed to be equally distributed.

The sample was prepared by dissolving DMPC (dimyristyl-
glycero-3-phosphocholine, Avanti Polar Lipids, Birmingham, AL)
and a hydrophobic peptide (prepared by fmoc solid-phase chemistry)
with a peptide-to-lipid ratio of 4 mol % in trifluoroethanol. The
solution was evenly spread on a film of PEEK (25012 mm,
thickness 25:m, Goodfellow, Cambridge, UK). After the solvent
was evaporated, the sample equilibrated in 93% relative humidity.
The film was wrapped into a cylinder of approximately 30 turns
and transferred iota 4 mm MASrotor with ca. 0.5 mm of empty
space remaining in the center (Figure 1B). The NMR experiments  Acknowledgment. We kindly acknowledge Josefine Wafor
were carried out on Bruker DSX500 or DSX400 NMR spectrom- peptide synthesis and purification, Monica Zobawa for analysis of
eters. Typical acquisition parameters & were Hahn-echo pulse  the peptides by MALDI mass spectrometry, ariduleRaya for
sequence at 202.41 (161.97) MHz, 2.2 (35)90 pulse length, technical assistance. We are grateful for the generous financial
25 kHz spectral width, 27 ms acquisition time,-1%0 kHz CW support by the Max Planck Society.
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