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Solid-State NMR Spectroscopy of Aligned Lipid Bilayers at Low Temperatures
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Determination of structure and dynamics of membrane-associated
proteins is one of the most important aspects of structural genomics.
In addition to the high-resolution structure and dynamics, recent
studies have shown that it is possible to obtain the topology of
proteins embedded in cell membranes using solid-state NMR
spectroscopy.In these studies, mechanically aligned phospholipid
bilayers are used as model membranes in which the uniaxial
orientation of molecules provides narrow spectral lines. The ability
to alter the composition of bilayers to mimic a variety of cell
membranes including bacterial, mammalian, and myelin membranes
is highly useful in understanding the role of individual membrane
components on the function of a prot&iBuch model membranes
are also used to understand the mechanism of antimicrobial peptides,
toxins, fusion peptides, and channel-forming peptides by character-
izing peptide-lipid, peptide-peptide, and lipietlipid interactions'3

While the combination of mechanically aligned bilayers and
solid-state NMR experiments seems to be a powerful approach to
investigate biological problems related to cell membranes, there
are some intrinsic difficulties that pose a major hurdle to such
applications. The degree of alignment and hydration of mechanically
aligned bilayers are heat sensitive, and any heat dissipation
decreases the stability of the sample inside the NMR probe and
also reduces the resolution and sensitivity of the experiment. Since
heat dissipation is common in high-power solid-state NMR experi-
ments, usually the samples are stable only for a few days. Therefore,
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unlike in solution NMR applications, it _is not possible_to complete Figure 1. Solid-state NMR spectra of (AP and (B)N of POPC, (C)
all necessary solid-state NMR experiments on a single sample. 2ot popC-g;, and (D)!5N of [1*N]Phe-LL37 embedded in POPC. Five
Sometimes, the sample may not be stable to complete a single solid-milligrams of POPC was used to obtain (A), (B), and (C), and for (D) 6
state NMR experiment, even if the spectrometer is quite stable, mg of LL37 was mixed with POPC to prepare 2 mol % of the peptide
because the sample contains less protein and extensive signafoncentration. Top and bottom spectra were collected at 37-ahtC,
o . . . . ., respectively.

averaging is necessary to obtain a descent signal intensity, which
would increase the experimental time. It is also difficult to increase ) ) ) )
the sample size due to the volume restriction provided by the rf at various temperatures with the bilayer normal oriented parallel
coil (in some cases the amount of peptide/protein should be kept!0 the applied magnetic field. Representatiife (Figure 1A),*N
low, for example,<5 mol % of peptide in the case of membrane- (Figure 1B), andH (Figure 1C) spectra obtained at 37 and °C
disruptive systems) or the low abundance of the desired peptide/are given. A single narrow line at the parallel edge offffeepowder
protein. For example, a 2D PISEMA experiment could take a week, pattern suggests that the sample is well aligned at all temperatures
and a 3D experiment may run more than a week on some systemsabove the gel-to-liquid crystalline phase transition temperaiire (
Thus, one sample per experiment is needed, which is highly = —5 °C). However, the frequency of the peak and the span of the
demanding. Therefore, there is a great demand for developing 3P chemical shift interaction slightly increased as the temperature
procedures to prepare stable aligned bilayer samples. is decreased, but the peak position remained at the parallel edge of

This study demonstrates that some of these difficulties can be the powder spectrum. The increase in the span offaehemical
overcome by performing experiments on aligned bilayer samples shift with the decrease in the temperature could be attributed to
at a low temperature. Mechanically aligned 1-palmitoyl-2-oleoyl- the changes in the mobility of the lipid headgroup. Most impor-
snrglycero-3-phosphatidylcholine (POPC) bilayers were prepared tantly, the line width decreased and the signal intensity increased
using a recently developed naphthalene procetitite.chemical s the temperature decreased. For example, the signal-to-noise ratio
shift and N quadrupole coupling spectra of POPC aftd (S/N) of the3!P chemical shift spectrum at’® is 35% more than
quadrupole coupling spectra of POP&-tilayers were acquired  hat at 37°C. Since the gel-to-liquid crystalline phase transition
temperature of POPC is-5 °C, spectra obtained below this
temperature showed line broadening (data not shown). These
experiments demonstrate that it is possible to perform solid-state
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NMR experiments on pure lipids at low temperatures as low as not change with the temperature. Importantly, the line width
the gel-to-liquid crystalline phase transition temperature. decreased and signal intensity increased as the temperature de-
Because of the wedlkd—3P dipolar couplings in lamellar phase  creased. The decrease in the line width as the temperature decreases
bilayer samples, cross-polarization frdhhto 3P is not commonly could be due to the decreased mobility of the peptide, as discussed
used to obtain thé!P chemical shift spectrum. Instead, a chemical in our recent publicatioA.The reduction in the mobility of the
shift echo sequence, 997—180—r—acquire, with'H decoupling peptide at low temperatures could increase the cross polarization
duringz—180°—r—acquire, is used. In this study, experiments were from proton to'*N, which could have resulted in the increased signal
performed to examine the efficiency of CP, ramp-CP, and the-90 intensity. 3P chemical shift spectra of this sample recorded as a
7—180°—7 sequence. In all experiments, the signal intensity function of temperature (data not shown) were similar to the spectra
increased as the temperature of the sample decreased. In CP andf pure lipids as shown in Figure 1A.
ramp-CP experiments, the signal intensity increases as a function These fully hydrated aligned bilayer samples were prepared with
of the contact time and reaches the steady state at 3.5 ms. Ouiexcess water in order to produce biologically relevagiphasé®
results suggest that ramp-CP provides a better signal intensity thanOn the other hand, experiments on samples that were not fully
other sequences at all temperatures and it provides 2 times morehydrated (or prepared by exposing them to water vapor at 100%
signal intensity than the 96-7—180°—7 sequence at all temper-  humidity without the addition of excess water) did not provide
atures for a contact time from 2 to 5 ms. aligned spectra at low temperatures. Our experiments suggest that
Quadrupole couplings of*N and?H nuclei provide valuable mechanically aligned bilayer samples used in solid-state NMR
information for understanding the properties of lipid bilayers and experiments performed at a low temperature (arout@)@re quite
lipid—peptide interactions. Unlike the large quadrupole coupling stable for a very long time as compared to those used in room-
(>MHz) associated with the amidéN in the peptide backbone, temperature experiments. For example, POPC containing LL-37
the quadrupole coupling of théN nucleus in the choline site of  was stable even after months of high-power solid-state NMR
POPC headgroup is significantly reduced due to the symmetry, experiments, while pure POPC samples were stable for more than
which makes“N a valuable probe to investigate drugnembrane one year; these samples were kept &C4in a refrigerator when
interactions, as demonstrated in our recent stublye narrow lines not being used in experiments. However, the stability of the bilayer
in the“N guadrupole spectra of POPC bilayers (Figure 1B) suggest sample could depend on the property of the peptide or protein
that the lipids are well aligned abovk, while line broadening embedded in them. In conclusion, the present study demonstrates
was observed below the transitidiy. The quadrupole splitting that it is possible to perform solid-state NMR experiments on
increases as the temperature decreases due to the reduction in themechanically aligned pure lipids and lipids with peptide incorpo-
mobility of the lipid headgroup, which is in agreement with the rated at low temperatures (as low as the gel-to-liquid crystalline

1P results discussed above. phase transition temperature). Further, the enhanced SAPpf

?H spectra of aligned POPGtshown in Figure 1C suggest that  “N, 2H, and®N spectra of aligned bilayers at low temperatures
the bilayers are well aligned even a4 °C. Unlike the small could pave avenues for solid-state NMR applications to study
increase in théP CSA span anéN guadrupole splitting, théH membranes.

qguadrupole splitting increases significantly with decreasing tem- .
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complete agreement with previous studies in the literdture. POPC bilayers at various temperatures, and a plot of signal intensity

Therefore, the mechanically aligned bilayers could be used to versus the CP contact time. This material is available free of charge

measure the effects of phase transition and the temperature on theia the Internet at http://pubs.acs.org.

physical properties of bilayers.
We also performed experiments on POPC bilayer samples References

containing peptides in order to demonstrate that it is possible to (1) (a) Ramamoorthy, A.; Marassi, F. M.; Zasloff, M.; Opella, S1.Biomol.

obtain aligned spectra for the structural studies on membrane-bound NMR 1995 6, 329-334. (b) Marassi, F. M.; Ramamoorthy, A.; Opella,

. . . : S. J.Proc. Natl. Acad. Sci. U.S.A997, 94, 8551-8556. (c) Marassi, F.
peptides and proteins. As an example, experimental results obtained M. Opella, S. J.J. Magn. Reson200Q 144, 15&155_((3) Wang, J.;

from bilayers containing LL-37 peptide are discussed below. LL- Denny, J. K.; Tian, C.; Kim, S.; Mo, Y.; Kovacs, F.; Song, Z.; Nishimura,
37 is a 37-residue human cathelicidin antimicrobial peptide. Solid- ﬁfl%"é_zl'é;“' R Quine, J. R; Cross, T. A. Magn. Resan200q
state NMR experiments have shown that the peptide is oriented on (2) (a) Hallock, K. J.; Lee, D. K.; Omnaas, J.; Mosberg, H. I.; Ramamoorthy,
the surface of the lipid bilayerin addition, the previous study has A. Biophys. J 2002 83, 1004-1013. (b) Hallock, K. J.; Lee, D. K;

: . . ) . Ramamoorthy, ABiophys. J2003 84, 3052-3060.

shown that the secondary structure and orientation in bilayers is (3) wildman, K. A. H.; Lee, D.-K.; Ramamoorthy, /Biochemistry2003
independent of the membrane composition and temperature (from ” ﬁ2’||65i5k6§5_>5\‘/-v”dm K A He Lee. D. K- Ramamoorthv. Biooh
25 to 55°C). In this study 5N chemical shift spectra of 2 mol % O s 6 Suo0 gy | A i Lee, D. K Ramamoorthy, Biophys.
15N-Phe-LL-37 embedded in POPC bilayers oriented with the  (5) ganth)s,J.S.: Lee, ghK.gH?llgﬁk, K. Jy Ramam?grtgwécenﬁ R'\?searcl?

H P H : evelopments in ysica emistrifransworl esearc etwork:
bilayer normal parallel to tht_a magnetic field were obtglnegl at various 2002; Vol. 6 (Part 1), pp 179211.
temperatures; representative spectra are shown in Figure 1D. A (6) Katsaras, JBiophys. J.1997 73, 2924-2929; Volke, F.; Eisenblatter,
single peak with the same chemical shift frequency suggests that ~ S- Galle, J.; Klose, GChem. Phys. Lipid4994 121-131.

the peptide is well aligned and the orientation of the peptide does JA0390770

J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004 2319



