3240 J. Am. Chem. S0d.999,121, 3240-3241

Magnetically Oriented Phospholipid Bilayers for Spin membrane components such as proteins. Some procedures have
Label EPR Studies been devised whose methods are more amenable to the study of
membrane proteins. These methods include one study where
Seth M. Garbef,Gary A. Lorigan: and whole cells were aligned in an external magnet (but not the
Kathleen P. Howard* magnetic field of the EPR spectrometer as reported here), followed

by freezing of the sample before transferring the sample to an
Department of Chemistry, Swarthmore College EPR spectrometét.However, this method required freezing the
Swarthmore, Pennsydnia 19081 samples and resulted only in partially aligned samples. Most
Department of Chemistry and Biochemistry recently Freed and co-workers reported the use of isopotential
Miami University, Oxford, Ohio, 45056  spin-dry ultracentrifugation to produce well-aligned films of both
Receied December 21, 1998 bacteriorhodopsin- and gra.rnicidin-conte}ining.membréﬁ@hljs
Revised Manuscript Receéd February 24, 1999 method enabled_the co!lectlon of extensive orlt_ented experimental
data that, combined with quantitative theoretical analyses, pro-
This paper reports the development of a model membrane vided a detailed description of protein/lipid interactions for
system that spontaneously orients in the applied magnetic field membrane preparations containing 20 wt % water.
of an EPR spectrometer. There has been a great deal of excitement We think the method reported here offers significant advantages
recently over the use of magnetically oriented phospholipid Over previous alignment methods in terms of ease of preparation,
bilayers (bicelles) for both solution and solid-state NMR stability at high degrees of hydration, and suitability for recon-
spectroscopy-* Here we report nitroxide spin label data from a stitution of membrane proteins. The magnetically aligned samples
novel bicelle system which orients in the lower magnetic field of described here are related to the systems initially introduced by
a conventional EPR spectrometer]( T for an X-band EPR  Prestegard and co-workétsaind subsequently adapted by Vold
spectrometer as opposed t011.8 T for a 500 MHz NMR and co-workerkto align the bilayer normals of lipid bilayers so
spectrometer). The system offers the opportunity to carry out EPR that they are parallel with the direction of the applied magnetic
studies using a well-oriented highly hydrated model membrane field. The oriented system we present here is composed of a
system whose preparation is amenable to the reconstitution ofmixture of a bilayer-forming phospholipid (1,2-dimyristog
labile membrane components such as integral membrane proteinsglycero-3-phosphocholine, DMPC) and a short chain phospholipid
Furthermore, the magnetically orienting system reported here (1,2 dicaproylsrglycero-3 phosphocholine, DHPC) that breaks
presents new opportunities to carry out both NMR and EPR up the extended bilayers into what has been described as disc-
studies on the same sample preparation providing complementaryshaped micelles (bilayered micelles, or bicelles) that are highly
dynamic information in two different time scale regimes. hydrated (in this case 75% aqueous). To characterize this system
EPR studies of membrane systems utilizing nitroxide spin for EPR spectroscopy, we have utilized a steroid derivative
probes have greatly improved the view of the dynamic behavior nitroxide spin probe calledfDOXYL-5a-cholestane (choles-
of membrane components at a molecular level by providing tane). This rigid and elongated probe orients with its long axis
information about the types and rates of motion, as well as the parallel to the lipid acyl chains and reports on the general order
degree of organization of ||p|d—§7_.',6 Nitroxide Spin labels are of the |Ip|dS The DMPC bilayers were enriched with 10% molar
sensitive monitors of molecular organization and can provide cholesterol to increase the local order in the membrane, restricting
detailed information for small quantities of biological systems. the movement of the spin probe and highlighting the effects of
Nitroxide EPR studies have provided important insights into a macroscopic bilayer orientation on the measured EPR spectra.
wide range of membrane phenomena including information about The data reported here are from samples doped with ¥ins

lipid phase transitiorfsind information about how proteins interact  (10% molar to DMPC}?* This system was used because the large
with membrane lipids. magnetic susceptibility induced on the lipid bilayers by thé*Yb

It has long been known that the use of well-oriented multibi- ions enabled it to be one of the easiest bicelle systems to orient
layers of lipids can greatly increase spectral resolution of EPR in the magnetic field of an X-band EPR spectrométer.
membrane studies as well as provide important data by allowing ~ Crucial to the success of the experiment and stability of the
the collection of spectra obtained as a function of the angle sample was the addition of a small amount (1% molar to DMPC)
between the magnetic field and the bilayé?4°However, many  of phospholipid that has a soluble poly(ethylene glycol) polymer
of the existing alignment methods suffer from significant draw- tail attached to its headgroup, 1,2-dimyristsylglycero-3-
backs such as labor intensive preparation, instability at high levels phosphoethanolamintg-[poly(ethylene glycol)2000] (PEG2000-
of hydration, and the requirement of procedures involving either ™17y Frank, H. A.; Friesner, R.; Naim, J. A.; Dismukes, G. C.; Sauer, K.
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and that of the unpaired electron. At a microwave frequency of
9.5 GHz (0.3 T magnetic field), the anisotropic contribution to
the spectra is dominated by this hyperfine interaction. The
standard system of coordinates for the ® paramagnetic moiety
is with the x-axis along the N-O bond and the-axis along the
A nitrogen 2pr orbital containing the unpaired electron denstty.
Typical principal values for the hyperfine tensor of the cholestane
spin label in lipid bilayers aré\,, = 33.8 G,Ax = Ay = 5.0
G."*¥For cholestane, the nitroxigeaxis is approximately parallel
to the long axis of the probe. Previous work has demonstrated
that cholestane aligns with it long axis parallel to the long axis
of the lipids and undergoes rapid rotation about this &XiEhe
reduction of the hyperfine splitting in Figure 1A with respect to
the unoriented sample in Figure 1B is clearly indicative of
macroscopic orientation of the membrane bilayers with their
B J normals (and hencg-axis of associated cholestane spin labels)
parallel to the applied magnetic field. The “apparent” splitting
(measured splitting between low field and middle field spectral
106G lines) in the oriented spectrum in Figure 1A is 8.7 G, which is in
— close agreement with values measured in previous published
spectra with cholestane spin label incorporated into orientsa
mol % cholesterol containing phospholipid bilayers on glass
Figure 1. EPR spectra of cholestane incorporated into (A) macroscopi- plates?0.2t

cally oriented bilayers composed of DMPC/DHPC/cholesterol/¥bCl The magnetic ordering methodology described here provides

EEGZOOO—PE/choIestane in the molar ratios _3.5/1.0/0.3_‘5/0.35/0.035/0.005661 promising means of further extending high-resolution oriented
in 100 mM HEPES buffer, pH 7.0. (B) multilamellar liposomes at 25%

WV with the same composition of (A) except DHPC w t included EPR methods to a wider range of protein-containing membrane
P P as notINcuded. oy stems. As already demonstrated in several NMR studies, the
Both spectra collected at 313 K on a X-band Bruker ER200D spectrometerIipid bilayers in magnetically oriented bicelles are in the liquid
(standard Tk, cavity) equipped with a variable temperature setup. crystalline phase and have the capacity to incorporate membrane
Spectra were collected with a sweep width of 100 G, center field was r)cl)teinszz‘ze‘ Furthermore. this mg nei/icall origntable svstem
3355 G, 100 kHz field modulation frequency, scan tiraé min and a P ’ ' g cally ySt
microwave frequency of 9.5 GHz under nonsaturating conditions (signal ¢ b used for both NMR and EPR studies, and several published

intensity would still increase with increasing microwave power). Because '€POrts have already explicitly called for studies on phosphetipid
the two spectra were calculated from two samples with slightly different Protein interactions that combine well-reso#tiNMR results

volumes, an accurate comparison of spectral intensities is difficult. PeaksWith EPR spin label studies!?
heights were thus normalized to give the same peak height of the center
peak in both spectra. (However, our experience is that oriented samples,
gave higher relative spectral intensities than unoriented samples for the
same amount of spin label.) The samples were equilibrated in the EPRJA984371F

magnet at 7400 G fo2 h prior to collection of spectr&:?8 (18) Schreier, S.; Polnaszek, C. F.; Smith, |. CBRchim. Biophys. Acta
1978 515, 395-436.

_derivati i (19) We measured; for the samples reported here from the outermost
PE). We added PEG-derivatized lipid to follow the lead from splittings of a frozen (90 K) unoriented sample (33:®.5 G). Assuming an

the literature on drl_Jg delivery Iiposor_nes Which has demonstratedisotropic coupling value of 14.6 G for cholestane a@qgd= A, we calculate
that PEG-PE provides a strong steric barrier that prevents closeprinciple values in very close agreement with literature valéess 33.9 G,

; =A,=50G."7
contact of membrane surfaces of liposomes and cells and prolongsAxx(zo) I_Yapper’ R. D.: Paterson, S. J.:Smith, I. CORn. J. Biochem1972

liposome circulation timé® Before we began adding PEG2000- 11, 969-981.

PE to our spin-labeled bicelle samples, our lanthanide-containing _ (21) Schreier-Mucillo, S.; Marsh, D.; Dugas, H.; Schneider, H.; Smith, I.
samples showed evidence of precipitation within a few hours of < Z'Z%GOTV';CT,YEI II-DIEI(jO&|)ge7Ii3a,1%. %]hﬁ;gn. Reson. FL996 112 9194,
preparation and either oriented poorly or not at all. Once we  (23) sanders, C. R.; Landis, G. Biochemistry1995 34, 4030-4040.
started adding PEG2000-PE to the bicelles, the samples showed (24) Prosser, R. S.; Volkov, V. B.; Shiyanovskaya, |. Blochem. Cell
high degrees of orientation and were stable over several days.Biol: 1998 76, 1-9.

; . . 25) Earle, K. A.; Moscicki, J. K.; Ge, M.; Budil, D. E.; Freed, J. H.
Presumably PEG2000-PE prevents neighboring bicelle sun‘acesBiO(ph)),&a}.rfgggq 66, 12235'102'21. € ud ree

from approaching each other and fusing together to produce (26) Gaffney, B. J.; Marsh, DProc. Natl. Acad. Sci. U.S.A998 95,

i _ 2940-12943.
insoluble aggregates. We. have als_;o found that PEG2000-PE cart (27) At 3400 G with 10% YB', the sample was partially oriented after 30
be used for a range of different bicelle samples used for NMR nin "However, after the sample equilibrated in the magnegfa with the
studies and will offer advantages in other membrane bicelle field turned up to 7400 G, the spectral features characteristic of powder patterns
preparationé? disappeared. At higher concentrations of¥;mrientation occurred much faster
Fi 1 clearly demonstrates the effects of macroscopic and at a lower magnetic field (3400 G), however, spectral broadening occurred
Figure y i PIC presumably due to the interaction of ¥hwith the nitroxide moiety of the
orientation on the EPR spectra of cholestane spin label in cholestane spin labels (which has been shown to be at the level of the carbonyl
cholesterol-containing DMPC bilayers. The EPR spectra of gfoups of thhe Iilpidds golmposirp]g t:‘g b”aBt/)@)SbOchf Spig 'abi's that are buried
- - . . ! ) eeper in the lipid bilayer should not be broadened to the same degree.
nitroxide spin probes consist of a triplet due to the hyperfine ™~ 5g) Since the degree of orientation increases with the square of the
interaction between the nuclear spin of the nitrogéN)(nucleus magnetic fieldt® the use of high-field EPR spectroscopy holds promise. In
addition to ordering effects, at higher magnetic fields the nitroxide Zeeman
(16) Klibanov, A. L.; Maruyama, K.; Beckerleg, A. M.; Torchilin, V. P.; interaction exceeds that of the nitrogen hyperfine interaction, and since the
Huang, L.Biochim. Biophys. Actd991, 1062 142—148. g-tensor of nitroxide radicals is nonaxial, this opens the possibility of being
(17) King, V.; Howard, K. P., manuscript in preparation. able to study features of lateral and transverse ordering diféctl.
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