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In this paper, we report our initial results on studying magneti-
cally aligned phospholipid bilayers (bicelles) at high magnetic fields
(∼3.4 T) with electron paramagnetic resonance (EPR) spectroscopy
at 95 GHz (W-band). In order to characterize this system for W-band
EPR studies, we have utilized the nitroxide spin probe 3β-doxyl-
5α-cholestane to demonstrate the effects of macroscopic bilayer
alignment. At W-band due to the increase in magnetic field strength
(when compared to X-band studies at 9.5 GHz) (S. M. Garber et al.,
J. Am. Chem. Soc. 121,3240–3241 (1999)), we were able to exam-
ine magnetically aligned phospholipid bilayers at two orientations
with the bilayer normal oriented either perpendicular or parallel
(upon addition of YbCl3) with respect to the direction of the static
magnetic field. Additionally, at a magnetic field of 3.4 T (g = 2
resonance at W-band), we were able to study the parallel align-
ment with a lower concentration of Yb3+, thereby eliminating the
possible unwanted effects associated with lanthanide–protein inter-
actions and paramagnetic shifts and/or line broadening induced by
the lanthanide ions. The development of this new spin label align-
ment technique will open up a whole new area of investigation for
phospholipid bilayer systems and membrane protein EPR studies
at high magnetic fields. C© 2001 Academic Press

Key Words: model membrane; nitroxide spin label; EPR spec-
troscopy; high-field EPR; orientation.
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INTRODUCTION

A promising new technique for studying uniaxially aligne
phospholipid bilayers is based on a magnetic alignment of
membrane bilayers of a certain composition in static magn
fields of high strengths (1–6). These bilayered micelles or b
celles serve as an excellent model for membrane studies, be
they represent an intermediate morphology between lipid v
cles and mixed micelles (4). Bicelles are believed to be aqueo
lipid-detergent assemblies in which lipid bilayer sections are
bilized near their edges by various detergents (4, 6, 7). For solid-
state NMR studies, the bicelles are still mobile enough (app
imately 70% aqueous) to provide a high degree of resolut
1 To whom correspondence should be addressed. Fax: (513) 529-5715. ew
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phospholipid bilayers are disc-like with an approximate
ameter of 200Å and a thickness of 40̊A, depending upon
the long-chain/short-chain lipid ratio (7). Generally, the lipid
mixture consists of short-chain 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and long-chain 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) phospholipids (6, 7). For-
tunately, the bicelle technique is well suited for a wide varie
of spectroscopic techniques that can be applied to biophys
research: NMR spectroscopy, electron paramagnetic reson
(EPR) spectroscopy, neutron diffraction, X-ray diffraction, a
several optical spectroscopic techniques (4, 8). One recent re-
view article pointed out the enormous potential for examin
oriented protein/phospholipid bicelle systems with spin la
EPR spectroscopy (4).

The magnetic alignment of the bicelle discs results from
anisotropy of the magnetic susceptibility tensor (1χ ) (6). The
negative sign of this tensor for phospholipid bilayers dicta
that the bicelles align with their bilayer normal, or director, o
ented perpendicular to the direction of the static magnetic fi
The degree of ordering depends upon several factors inclu
the strength of the magnetic field (Bo), the sign and magnitude
of the magnetic susceptibility anisotropy tensor, and the amo
of material (6). The strength of the magnetic field has the do
inant effect because the degree of ordering depends upon
square ofBo. Recently, it was discovered that the addition
certain types of paramagnetic lanthanide ions shifts1χ to a
positive value, thus causing the bicelles to flip 90◦ such that the
membrane normal is parallel with the direction of the magne
field (9). Thus, spectroscopic studies of magnetically align
phospholipid bilayers can be carried out at two different orie
tations with respect to the magnetic field. In uniaxially align
systems, the NMR data can yield the orientation of the molec
fragments with respect to the magnetic field and the lipid bila
(2, 10–12). Similarly, the orientation of spin-labeled molecule
and protein fragments site-specifically labeled with nitroxid
could also be deduced from EPR spectra from uniaxially alig
systems. The overall goal of our research is to develop n
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techniques that will extend our knowledge of membrane pro
systems by investigating magnetically aligned phospholipid
layers with EPR spectroscopy.

Almost all spin-labeling EPR studies of membranes are c
rently carried out at X-band (0.3 T resonance field) and on
handful have been conducted at higher magnetic fields par
larly with bilayers under physiologically relevant temperatu
(13–17). However, no EPR studies to date have been carried
on phospholipid bilayers aligned by high magnetic fields. Inv
tigating magnetically oriented phospholipid bilayers at hig
magnetic fields with EPR spectroscopy has several advant
over parallel studies performed at X-band. First of all, the bic
discs are easier to align because the degree of bicelle ord
increases as square ofB0 (4, 6). Obtaining well-oriented bicelle
systems has never been a problem in NMR spectroscopy bec
the magnetic field strengths are much greater than those typi
used in EPR spectroscopy. Recently, we first demonstrate
feasibility of conducting EPR studies on magnetically align
phospholipid bilayers at X-band (18). However, the magnetic
field was ramped up to 0.72 T to initiate the alignment proc
and then lowered down to 0.34 T in order to observe theg= 2
nitroxide spin label EPR signal at X-band. The jump in magn
field could cause slight misalignment of the bicelle discs, th
resulting in additional inhomogeneous broadening. By perfo
ing these experiments at higher magnetic fields of approxima
3.4 T we will be able to analyze the oriented spectra at the s
magnetic field at which the phospholipid bilayer discs ali
Also, at higher magnetic fields less lanthanide is needed to
cessfully flip the bicelles so that the membrane normal is par
with the magnetic field. This is advantageous because at lo
lanthanide concentrations complications caused by lanthan
protein interactions, paramagnetic shifts, and line broade
are avoided (5). Furthermore, at higher magnetic fields (≥3 T)
the g-anisotropy of nitroxide spin labels dominates over t
of the nitrogen hyperfine interaction, yielding new informati
on the motion and environment of the spin label (17, 19). In ad-
dition, the absolute point sensitivity increases at W-band (14).
Thus, membrane protein samples can be prepared on a
smaller scale, when compared to samples needed for X-ban
periments. Finally, higher magnetic field experiments are m
sensitive to faster rotational motions than X-band studies (20).
Rapid molecular motions observed at X-band through mot
ally averaged nitroxide spectra may not be rapid enough to c
motional averaging at high magnetic fields. Thus, by compa
spectra at different field strengths we can map out a wider ra
of rotational frequencies and build up a better model of mot
(14, 21).

MATERIALS AND METHODS

Sample preparation. DMPC, DHPC, and 1,2-dimyristoyl
sn-glycero-3-phosphoetholamine-N-[Poly(ethylene glycol)

2000] (PEG2000-PE) were purchased from Avanti Polar Lip
(Alabaster, AL). Ytterbium (III) chloride hexahydrate, chole
S ET AL.
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stane spin-label (CSL), andN-[2-Hydroxyethyl]piperazine-
N ′-[2-ethanesulfonic acid] (HEPES) were obtained from Sigm
Aldrich. The cholesterol was obtained from Avocado Resea
Chemicals, Ltd. All lipids were dissolved in chloroform
and stored at -20◦C prior to use. An aqueous solution o
ytterbium chloride hexahydrate was prepared fresh before
experiment.

The standard bicelle sample, consisting of 25% (w/w) ph
pholipid to solution with a DMPC/DHPC ratio of 3.5, was ma
in two separate 15- and 25-mL pear-shaped flasks. In one
DMPC, PEG2000-PE, and cholesterol were mixed togethe
molar ratios of 3.5/0.035/0.35, while in the second flask DH
and CSL were combined at molar ratios of 1/0.0056 respectiv
The chloroform in both flasks was blown off by a constant lo
pressure stream of nitrogen gas (approximately 20 min),
both flasks were stored under vacuum overnight in a desicc
connected to a mechanical vacuum pump. The following d
the total amount of 100 mM HEPES pH 7.0 buffer needed for
entire sample was halved, and an aliquot was added to each
The two flasks were then vortexed briefly, sonicated for ab
30 min, and vortexed again. Next, the DHPC and cholestane
lution was added to the flask containing the DMPC, PEG20
PE, and cholesterol, and vortexed until homogeneous. Fin
the combined sample (approx. 200 mg) was subjected to
freeze/thaw cycles (77 K/room temperature).

Clear fused quartz capillary tubes (0.20 mm ID) (CV2033
VitroCom, Mountain Lakes, NJ) were used for the W-band E
experiments. The bicelle samples were loaded by placing
end of the capillary tube into the membrane-containing fla
which was kept at 0◦C in an ice bucket. Critoseal (Fisher) wa
used to seal both ends of the capillary tubes. Typical sam
volumes inside the W-band EPR cavity was 150–300 nL.

EPR spectroscopy.Preliminary experiments (data no
shown) were carried out at Miami University on a Bruker EM
X-band CW EPR spectrometer consisting of an ER 041XG
crowave bridge, a TE102 cavity, and a BVT 3000 nitrogen ga
temperature controller (temperature stability of±0.2◦C).

For W-band measurements, spin-labeled bicelle samples
prepared at Miami University and shipped overnight on
ice to the Illinois EPR Research Center. Before shipm
some samples were checked for magnetic field alignment
solid-state NMR spectroscopy (31P and2H) and signal intensity
with X-band EPR spectroscopy.

W-band (94 GHz) experiments were carried out with
homebuilt EPR spectrometer at the University of Illinois EP
Research Center (22, 23). The sample temperature was ma
tained with an Oxford variable temperature system outfit
with a modified constant flow CF1200 cryostat and ITC-4 d
ital temperature controller (all supplied by Oxford Instrumen
Ltd.) A constant flow of nitrogen gas was supplied direc
to the cryostat and heated to the desired temperature.
ids
-
sample temperature (±0.1◦C) was monitored with two ther-
mocouples directly mounted in the brass block surrounding
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the resonance cavity and thus providing excellent tempera
stability.

RESULTS

Figures 1 and 2 show a series of W-band EPR spectr
a 3β-doxyl-5α-cholestane spin label (CSL) incorporated in

FIG. 1. W-band (95 GHz) EPR spectra (40◦C) of a cholestane spin la
bel incorporated into phospholipid bilayers. (A) Magnetically aligned ph
pholipid bilayers consisting of DMPC/DHPC/cholesterol/YbCl3/PEG2000-
PE/cholestane in the molar ratios 3.5/1.0/0.35/0.35/0.035/0.0056 in 100
HEPES buffer, pH 7.0 at 25% w/w. (B) Phospholipid bilayers at 25% w/w w
the same composition as (A) except YbCl3 was not included in the mixture
(C) Unoriented phospholipid bilayers at 25% w/w with the same composi
as (A) except DHPC was not included. (D) Phospholipid bilayers of the s

composition as (B) but at 20% w/w. This spectrum was acquired over a broa
spectral window. All spectra were amplitude normalized.
HOSPHOLIPID BILAYERS 255
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FIG. 2. Same as described in the legend to Fig. 1 except the sa
temperature was 60◦C and (D) is omitted.

magnetically aligned and randomly dispersed DMPC-rich
layers at 40 and 60◦C, respectively. Figure 1A is the EP
spectrum of a magnetically oriented phospholipid bilayer sa
ple consisting of DMPC/DHPC/cholesterol/YbCl3/PEG2000-
PE/cholestane in molar ratios of 3.5/1.0/0.35/0.35/0.035/0.0
in 100 mM HEPES buffer at pH 7.0. Solid-state NMR stud
have indicated that magnetically aligned phospholipid bilay
doped with Yb3+ are oriented such that the normal of the me
brane bilayer is parallel to the static magnetic field directi
For CSL, the nitroxidey axis is approximately parallel to th
long axis of the steroid-derived spin probe. Previous studies h
shown that CSL aligns with its long axis parallel to the long a
of the phospholipids and undergoes a rapid rotation (R||) about
this axis (24).

First, we observed a reduction of the hyperfine splitting a
the linewidth in Fig. 1A with respect to those of the unorien
sample in Fig. 1C. This is clearly indicative of a macrosco
alignment of the phospholipid bilayers such that their norm
(and hencey-axis of associated cholestane spin labels)
parallel withBo. Although the spectrum in Fig. 1A appears to
close to the fast motional limit, least-squares simulations w
Lorentzian–Gaussian convolution lines (i.e., Voigt linesha
revealed that three main spectral components are not eq
spaced (Fig. 3A). This inequality in spacing is solely d

to slow-motional effects (second-order hyperfine shifts for
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FIG. 3. Comparison between simulated and experimental 95-GHz E
spectra of lanthanide-doped magnetically aligned bicelle samples (memb
normal is parallel withBo) from Figs. 1A and 2A. The experimental spe
tra and the simulated are superimposed on top of each other. The resi
(experimental-simulated) are shown below the corresponding spectra. Tem
ature: (A) 40◦C and (B) 60◦C.

nitroxides at W-band are on the order of 3 mG and can
neglected for practical purposes). The best fit is shown
Fig. 3A where the experimental spectrum is superimpo
on the simulations and the residual (a difference betw
experiment and simulations) is shown below. From simulati
the splitting between the two low field components we
8.85± 0.06 and 8.05± 0.06 G for the high-field pair. The
simulations were carried out with a least-squares convolut
based fitting program (25). The results closely agree wit
the values previously reported for cholestane incorpora
into phospholipid bilayers with 10% cholesterol, which we
mechanically aligned on glass plates (24, 26). Furthermore, this
agrees well with the value of 8.7 G obtained from our previo
oriented bicelle study performed at X-band (18). This indicates
very similar effective order parameters for CSL obtained
this and earlier studies utilizing magnetic field alignment.

Figure 2A displays an EPR spectrum of the same sampl
in Fig. 1A, except that the temperature has been raised to 6◦C.
Visual examination indicates that the splittings between the

trogen hyperfine components are greater at 60◦C than at 40◦C.
We have found that spectral simulations of the 60◦C cholestane
ET AL.
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EPR spectrum using a fast-motional model with equal spa
between the components fits the data exceptionally well.
best fit is shown in Fig. 3B where the experimental spectrum
superimposed on the simulations and the residual is shown a
bottom. The splitting between spectral components determ
from the simulations was 13.84± 0.02 G.

Figures 1B and 2B display the EPR spectra of magnetic
aligned phospholipid bilayers of the same composition a
Figs. 1A and 2A except YbCl3 was not added at 40 and 60◦C. A
broad scan from a sample of similar DMPC/DHPC composit
is shown in Fig. 1D at 40◦C. At this bicelle composition,2H
and31P solid-state NMR studies have indicated that the me
brane normals are perpendicular with respect to the direc
of B0 (1, 2). The slow-motional effects are clearly seen in t
spectra at 40◦C (Figs. 1B and 1D). It is worthwhile to not
here that the spectra at 40◦C can be considered as a superpo
tion of relatively narrow three-line features (as clearly seen
the narrow-scan spectrum of Fig. 1B) and much broader th
line features as seen in Fig. 1D. The corresponding splitt
are 10.5± 0.2 and 17.5± 1 G respectively (measured betwe
the corresponding two low-field components). At 60◦C this
broad spectrum collapses into one set of three lines with
most equal spacing of 15.6 G (60◦C). The randomly disperse
phospholipid bilayer samples (Figs. 1C and 2C) were p
pared from DMPC/ cholesterol/YbCl3/PEG2000-PE/cholestan
in molar ratios of 3.5/0.35/0.35/0.035/0.0056. For the rando
dispersed samples, the experimentally measured hyperfine
tings were 10.5 G (40◦C) and 13.9 G (60◦C), respectively (mea
sured between the two low-field components).

DISCUSSION

The dynamics and ordering of CSL in phospholipid me
branes has been well studied by conventional EPR techni
(13, 26–29). Recently, Barnes and Freed utilized DMPC-ri
phospholipid bilayers mechanically aligned by the isopoten
spin-dry ultracentrifugation (ISDU) technique to study the d
namics and ordering of CSL with EPR spectroscopy at 250 G
(13). They obtained the following magnetic parameters
cholestane:gxx = 2.00871,gyy = 2.00573,gzz = 2.00210,
Axx/γe = 4.9 G, Ayy/γe = 5.5 G, andAzz/γe = 33.1 G (13).
We will use these literature values to compare with our 95-G
EPR results obtained by a novel alignment method based u
the magnetic ordering of mixed DMPC/DHPC bicelles in a m
netic field.

For our magnetically oriented phospholipid bilayers conta
ing CSL and oriented such that the membrane normal is pa
lel with the magnetic field, the EPR spectrum should con
of three lines separated byAyy, if the cholestane is aligne
along the bilayer normal and all effects of motion exceptR||
are negligible. These conditions are close to what we obse
for the Yb3+-doped bicelle sample (Fig. 1A), which displays

hyperfine splitting of 8.85 G. A randomly dispersed motionally
averaged isotropic sample should yield an isotropic hyperfine
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value (Axx + Ayy + Azz)/3γe approximately equal to 14.5 G
Although the 8.85-G hyperfine splitting we observed is lar
thanAyy (5.5 G), it is still much smaller than the isotropic valu
We can attribute this difference to imperfect alignment of o
bicelle discs (tilt between the bilayer normal and the magn
axis of CSL) and/or a restricted rapid random walk motion
the cholestane spin label that occurs perpendicular (R⊥) to the
surface of the bilayer (21, 24, 30). Previous NMR studies hav
indicated that DMPC/DHPC bicelles are not perfectly align
with respect to the direction of the static magnetic field (1, 6,
31). The degree of alignment as defined through theSbilayer or-
der parameter depends upon several factors including the
ple phospholipid ratio, temperature, and water content (1, 4, 6).
For a sample composition similar to that used in our high-fi
EPR samples,Sbilayer has been found equal to 0.7± 0.05 with
respect to a static bilayer for solid-state NMR spectral stud
carried out at 8.5 T (2). Additionally, studies of mechanicall
aligned cholestane egg lecithin multibilayers also show a sig
icant deviation of experimentally measured splittings betw
the spectral components fromAyy because of nonnegligibleR⊥
cholestane motion (21, 24). Depending upon the morpholog
of the membrane, the addition of cholesterol to the membr
can decrease fluidity and reduce the amplitude of theR⊥motion
(21, 24, 27–29, 32). Thus, in an effort to minimize this effec
and reduce theR⊥motion we have added 10% molar choleste
(with respect to DMPC) to all of our samples.

In general, an oriented membrane sample is characterize
at least three parameters: (1) a dynamic order parameterSdyn

describing restricted molecular motion of the spin-labeled pro
(2) an order parameterSbic attributed to the alignment of th
bicelles in the magnetic field, and (3) a tilt angle of the pro
The overall order parameterS is a function of dynamic ordering
effects and the bicelle alignment and can be approximated

S≈ Sdyn · Sbic. [1]

The overall order parameterScan be estimated from the ex
perimental spectral at two perpendicular orientations as (33)

S= 1A/1Amax, [2]

where1A is the difference between the splittings observ
when magnetic field is perpendicular and parallel to the plan
the sample and1Amax is the maximum observable anisotrop
which for CSL is1Amax = (Axx + Azz)/2−Ayy = 13.5 G.
Recent X-band EPR experiments with DMPC/DHPC bice
doped with Tm3+ and Dy3+ aligned by magnetic field rampin
indicated that1A = 9.4 G, which givesS = 0.7 assuming
that the overall order parameter is the same for the two bila
orientations achieved by doping with different lanthanide io
(34).

In our W-band experiment the splitting corresponding to
bicelle discs orientation with the director parallel to the magn

field is 8.85 G, which is only marginally greater than 8.7
HOSPHOLIPID BILAYERS 257
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reported for X-band alignment with ramping the magnetic fie
(34, 35). This alone demonstrates a very similar overall ord
parameter. After combining with measurements at perpendic
orientation, we estimate the overall order parameterS= 0.64±
0.04 for the sample at 40◦C.

Previous X-band EPR studies have investigated the ef
of cholesterol on the phospholipid bilayers prepared from
lecitin and dipalmitoyl lecitin using mechanically aligned bila
ers and indicated that at approximately 10% molar cholest
concentration and room temperature the order parameter of
is aboutS= 0.6. The overall order parameter we measured h
(S= 0.64) and from previous X-band experiments with ma
netic field ramping (S= 0.7) are somewhat greater. This cou
be due to a difference in the bilayer composition and/or due
some increase of the lipid order in the membrane polar h
region upon lanthanide doping. The latter could increaseSdyn

for CSL and, thus, increase the overall order parameterS. If in-
deed the lanthanide ions increase the CSL order parameter
would also explain why anS was observed in our W-band ex
periment somewhat lower than that in previous X-band stud
that utilized higher lanthanide concentrations.

Overall, the high-order parameters observed for CSL in m
netically aligned bicelles indicate that overall alignment is si
ilar to that previously achieved with the membranes depos
on the quartz surfaces (26).

When the sample temperature was raised from 40 to 60◦C, the
measured hyperfine splitting increased from 8.85 to 13.7 G
the Yb3+-doped bicelle sample in which the bilayer normal
colinear with the direction of the static magnetic field (Figs. 1
and 2A). We attribute the increase to an enlargement in the
plitude or rate of the random walk motion (particularlyR⊥) and
a decrease in the overall alignment of the oriented bilayer d
caused by the increase in temperature. Previous solid-state N
studies of lanthanide-doped bicelles indicate that phase inst
ity can occur at temperatures greater than 50◦C, which would
lead to a decrease in bicelle alignment (36–38). This is also jus-
tified by the least-squares simulations shown in Fig. 3B, wh
demonstrates an almost perfect fit to the fast-motion mode
which the nitrogen hyperfine components are equally spa
The fact that the CSL EPR spectrum at 60◦C falls into a fast-
motion limit indicates a faster rate of rotational diffusion. T
splitting determined from this fit (13.84± 0.02 G) approaches
the isotropic hyperfine value (14.23 G) derived for cholesta
in the DMPC-rich bilayer environment from the 250-GHz stu
(13). The increase in the apparent hyperfine splitting is indica
of a more disordered sample.

Figures 1B and 2B represent the W-band EPR spectra of C
in oriented phospholipid bilayers whose membrane normals
perpendicular to the magnetic field direction at 40 and 60◦C. At
this orientation, it is much more difficult to distinguish betwe
magnetically aligned and randomly dispersed bicelle sam
(Figs. 1C and 2C) at the same temperatures. The similarity
tween the perpendicular alignment and the randomly dispe
Gsamples was also previously observed for mechanically aligned
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membranes containing CSL (26, 39). At this orientation, CSL is
undergoing a rapid rotational motion coincident with the bila
normal (y axis of CSL).

In order for the EPR spectrum to appear close to the f
motion regime the rate ofR|| motion (i.e., about the long
cholestaney axis) should be sufficient to effectively ave
age out the corresponding anisotropies (gxx − gzz)βeBo/h and
(Axx−Azz). For the nitroxides, bothg andA anisotropies are the
largest forx andzpairs; thus, this condition is hard to satisfy e
pecially at high magnetic fields. At W-band, (gxx− gzz)βeBo/h
exceeds (Axx − Azz) by a factor of 4. Thus, this motion is oc
curring at an intermediate rather than a rapid frequency. T
results in a line broadening and a decrease in the observed
ting between the components due to nitrogen hyperfine (39). Our
observation of 15.6 G for the splitting at 60◦C is in accord with
these considerations. At the lower temperature (40◦C), the rate
of cholestane motion slows down even more. Thex andz com-
ponents are not effectively averaged, resulting in a broader s
trum that spreads betweengxx andgzz regions with a distribution
of components with splittings of 10.5 ± 0.2 and 17.5 ± 1 G.
Under these conditions, both the perpendicular alignm
(Fig. 1B) and a randomly dispersed sample (Fig. 1C) reveal c
parable hyperfine splittings of 10.5 G. For cholestane inse
into unoriented DMPC-rich lipid bilayers, the tumbling rate
faster abouty than about thex andzdirections (24). Thus, for dis-
ordered samples the spectrum will be an axial motionally a
aged “powder” spectrum withA|| = Ayy, A⊥ = (Axx+ Azz)/2.
At X-band, the anisotropy of the Zeeman term is smaller thanA,
and the spectrum is primarily determined byA|| andA⊥. How-
ever, at W-band the spectral lines are more sensitive to fa
rotational rates because of the enhanced contribution from
motionally modulated Zeeman term. Thus, the tumbling r
could be insufficient to effectively preaverage thex andz fea-
tures. If so, that would result in broader lines, so for this ax
spectrum theA⊥ = (Axx+ Ayy)/2 component should general
be broader thanA||. At 40◦C, the observed splitting is smalle
and closer toAyy for the unoriented W-band spectrum (Fig. 1
(the motionally averagedA⊥ component contributes as a broad
line). When the temperature is increased to 60◦C, the spectrum
is getting closer to the fast-motion limit, resulting in a spe
trum with splittings that approach the isotropic value of 14.5
The overall order parameter for CSL is clearly decreasing fr
S= 0.64± 0.04 at 40◦C toS= 0.14 at 60◦C. We speculate tha
this 4.6-fold decrease is due to a decrease inSbic accompanied
by a decrease in the CSL dynamic order parameterSdyn.

It is beneficial to perform these magnetically aligned exp
ments with the lowest possible concentration of lanthanide
in order to prevent lanthanide–protein interactions and to
nificantly reduce paramagnetic shifts and/or line broaden
induced by the lanthanide ions. At W-band, we were able
magnetically orient phospholipid bilayers such that the me
brane normal is parallel with the direction of the magnetic fi

with only 1% molar Yb3+ to DMPC as compared to>10%
molar Yb3+ at X-band (data not shown). Also, one of th
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disadvantages of performing these experiments at X-ban
that the field must be ramped up to at least 7200 G in orde
magnetically align the phospholipid discs and then allow
sample to anneal in theLα phase for approximately 2 h. Furthe
more, in order to observe the nitroxide EPR signal the field m
be lowered to approximately 3300 G. Alternatively, the adva
tage of W-band EPR is that the bicelle discs align spontaneo
in the 3.4-T magnetic field and the aligned spectra are gath
at the same field strength at with they were aligned (no fi
ramping is needed).

To our knowledge, this manuscript represents the first t
that magnetically aligned phospholipid bilayers have been
vestigated with EPR spectroscopy at 94 GHz. This method
resents an attractive alternative to the ISDU alignment techn
because the sample preparation and conditions for alignmen
much easier.

ACKNOWLEDGMENTS

The X-band EPR spectrometer in the Department of Chemistry and
chemistry at Miami University was obtained from NSF Grant CHE-97,241
G.A.L. acknowledges support for this work from Miami University, NIH Gra
GM60259-0, and ACS-PRF 35352-G4 Grant. A.C.H. thanks the NSF REU
gram (CHE-9619696) for providing financial support. This project used
resources of the Illinois EPR Research Center an NIH Resource Center (G
P41-RR01811). A.I.S. thanks R. Linn Belford (University of Illinois) for som
very useful comments. K.P.H. acknowledges research support from Swarth
College and NIH Grant GM57627-01.

REFERENCES

1. C. R. Sanders and J. P. Schwonek, Characterization of magnetically
entable bilayers in mixtures of dihexanoylphosphatidylcholine and dimy
toylphosphatidylcholine by solid-state NMR,Biochemistry31,8898–8905
(1992).

2. K. P. Howard and S. J. Opella, High-resolution solid-state NMR spectr
integral membrane proteins reconstituted into magnetically oriented p
pholipid bilayers,J. Magn. Reson. B112,91–94 (1996).

3. J. A. Losonczi and J. H. Prestegard, Nuclear magnetic resonance ch
terization of the myristoylated, N-terminal fragment of ADP-ribosylatio
factor 1 in a magnetically oriented membrane array,Biochemistry37,
706–716 (1998).

4. C. R. Sanders and R. S. Prosser, Bicelles: A model membrane syste
all seasons?Structure6, 1227–1234 (1998).

5. R. S. Prosser, V. B. Volkov, and I. V. Shiyanovskaya, Novel chelate-indu
magnetic alignment of biological membranes,Biophys. J.75, 2163–2169
(1998).

6. C. R. Sanders, B. J. Hare, K. P. Howard, and J. H. Prestegard, Magnetic
oriented phospholipid micelles as a tool for the study of membra
associated molecules,Prog. Nucl. Magn. Reson. Spectrosc.26, 421–444
(1994).

7. R. R. Vold and R. S. Prosser, Magnetically oriented phospholipid bilaye
micelles for structural studies of polypeptides. Does the ideal bicelle ex
J. Magn. Reson. B113,267–271 (1996).

8. J. Katsaras, R. L. Donaberger, I. P. Swainson, D. C. Tennant, Z. T
R. R. Vold, and R. S. Prosser, Rarely observed phase transitions in a n
lyotropic liquid crystal system,Phys. Rev. Lett.78,899–902 (1997).
e
9. R. S. Prosser, S. A. Hunt, J. A. DiNatale, and R. R. Vold, Magnetically

aligned membrane model systems with positive order parameter: Switching



P

e
e

n
r

e
e

e

x

c
lo
io

d

e

n

r

in

r

e
d

o
t

n

the

sly

ith,
tion

ne-
died

by
del

m-

ls

os-
m,

ves-
-

4,

A.
er-

an,
hos-

ions

nt
. 1.

n-
ance

m-
MAGNETICALLY ALIGNED

the sign of S-zz with paramagnetic ions,J. Am. Chem. Soc.118,269–270
(1996).

10. A. Ramamoorthy, F. M. Marassi, M. Zasloff, and S. J. Opella, Thr
dimensional solid-state NMR spectroscopy of a peptide oriented in m
brane bilayers,J. Biomol. NMR6, 329–334 (1995).

11. F. M. Marassi, A. Ramamoorthy, and S. J. Opella, Complete resolutio
the solid-state NMR spectrum of a uniformly 15N-labeled membrane p
tein in phospholipid bilayers,Proc. Natl. Acad. Sci. U.S.A.94,8551–8556
(1997).

12. S. J. Opella, NMR and membrane proteins,Nat. Struct. Biol.4, 845–848
(1997).

13. J. P. Barnes and J. H. Freed, Dynamics and ordering in mixed model m
branes of dimyristoylphosphatidylcholine and dimyristoylphosphatidyls
ine: A 250-GHz electron spin resonance study using cholestane,Biophys.
J. 75,2532–2546 (1998).

14. A. I. Smirnov, R. L. Belford, and R. B. Clarkson, Comparative spin lab
spectra at X-band and W-band,in “Spin labeling: The Next Millenium”
(L. J. Berliner, Ed.), pp. 83–107, Plenum Press, New York (1998).

15. B. J. Gaffney and D. Marsh, High-frequency, spin-label EPR of nona
lipid ordering and motion in cholesterol-containing membranes,Proc. Natl.
Acad. Sci. U.S.A.95,12,940–12,943 (1998).

16. A. I. Smirnov, T. I. Smirnova, and P. D. Morse, Very high-frequen
electron-paramagnetic-resonance of 2,2,6,6-tetramethyl-1-piperidiny-
in 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine liposomes-partit
ning and molecular-dynamics,Biophys. J.68,2350–2360 (1995).

17. K. A. Earle, J. K. Moscicki, M. T. Ge, D. E. Budil, and J. H. Free
250 GHz electron-spin-resonance studies of polarity gradients along
aliphatic chains in phospholipid-membranes,Biophys. J.66, 1213–1221
(1994).

18. S. M. Garber, G. A. Lorigan, and K. P. Howard, Magnetically orient
phospholipid bilayers for spin label EPR studies,J. Am. Chem. Soc.121,
3240–3241 (1999).

19. D. E. Budil, K. A. Earle, and J. H. Freed, Full determination of the rotatio
diffusion tensor by electron-paramagnetic resonance at 250 GHz,J. Phys.
Chem.97,1294–1303 (1993).

20. D. E. Budil, K. A. Earle, B. Lynch, and J. H. Freed, Electron paramagne
resonance at 1 millimeter wavelengths,in “Advanced EPR: Applications
in Biology and Biochemistry” (A. J. Hoff, Ed.), pp. 307–340, Elsevie
Amsterdam (1989).

21. C. Mailer, C. P. S. Taylor, Schreier-Muccillo, and I. C. P. Smith, The
fluence of cholesterol on molecular motion in egg lecithin bilayers—
variable-frequency electron spin resonance study of cholestane spin p
Arch. Bioch. Bioph.163,671–678 (1974).

22. W. Wang, R. L. Belford, R. B. Clarkson, P. H. Davis, J. Forrer, M. J. Nilg
M. D. Timken, T. Walczak, M. C. Thurnauer, J. R. Norris, A. L. Morris, an
Y. Zhang, Very high-frequency EPR-94 GHz instrument and applicati
to primary reaction centers from photosynthetic red bacteria and to o
disordered-systems,Appl. Magn. Reson.6, 195–215 (1994).

23. M. J. Nilges, A. I. Smirnov, R. B. Clarkson, and R. L. Belford, Electro

paramagnetic resonance W-band spectrometer with a low-noise ampli
Appl. Magn. Reson.16,167–183 (1999).

),
HOSPHOLIPID BILAYERS 259

e-
m-

of
o-

m-
r-

l

ial

y
xy
-

,
the

d

al

tic

,

-
A
obe,

s,

ns
her

fier,

24. R. D. Lapper, S. J. Paterson, and I. C. P. Smith, A spin label study of
influence of cholesterol on egg lecithin multibilayers,Can. J. Biochem.11,
969–981 (1972).

25. A. I. Smirnov and R. L. Belford, Rapid quantitation from inhomogeneou
broadened EPR spectra by a fast convolution algorithm,J. Magn. Reson. A
98,65–73 (1995).

26. S. Schreier-Muccillo, D. Marsh, H. Duas, H. Schneider, and I. C. P. Sm
A spin probe study of the influence of cholesterol on motion and orienta
of phospholipids in orineted multibilayers and vescles,Chem. Phys. Lipids
10,11–27 (1973).

27. Y. K. Shin and J. H. Freed, Thermodynamics of phosphatidylcholi
cholesterol mixed model membranes in the liquid crystalline state stu
by the orientational order parameter,Biophys. J.56,1093–1100 (1989).

28. Y. K. Shin and J. H. Freed, Dynamic imaging of lateral diffusion
electron-spin resonance and study of rotational-dynamics in mo
membranes-effect of cholesterol,Biophys. J.55,537–550 (1989).

29. J. H. Freed, Field gradient ESR and molecular-diffusion in model me
branes,Ann. Rev. Biophys. Biomol. Struct.23,1–25 (1994).

30. P. Jost, L. J. Libertini, V. C. Herbert, and O. H. Griffith, Lipid spin labe
in lecithin multibilayers. A study of motion along fatty acid chains,J. Mol.
Biol. 59,77–98 (1971).

31. R. S. Prosser, J. S. Hwang, and R. R. Vold, Magnetically aligned ph
pholipid bilayers with positive ordering: A new model membrane syste
Biophys. J.74,2405–2418 (1998).

32. R. Jacobs and E. Oldfield, Deuterium nuclear magnetic resonance in
tigation of dimyrisolyllecithin-dipalmitoyllecithin and dimyristoyllecithin
cholesterol mixtures,Biochemistry18,3280–3285 (1979).

33. O. H. Griffith and J. C. Jost, Lipid spin labels in biological membranes,in
“Spin Labeling Theory and Applications” (L. J. Berliner, Ed.), pp. 454–52
Academic Press, New York (1976).

34. T. B. Cardon, E. K. Tiburu, A. Padmanbhan, K. P. Howard, and G.
Lorigan, Magnetically aligned phospholipid bilayers at the parallel and p
pendicular orientations for X-band spin-label EPR studies,J. Am. Chem.
Soc.123,2913–2914 (2001).

35. M. L. Mangels, T. P. Cardon, A. C. Harper, K. P. Howard, and G. A. Lorig
Spectroscopic characterization of spin-labeled magnetically oriented p
pholipid bilayers by EPR spectroscopy,J. Am. Chem. Soc.122,7052–7058
(2000).

36. M. Ge and J. H. Freed, An electron spin resonance study of interact
between gramicidin A and phosphatidylcholine bilayers,Biophys. J.65,
2106–2123 (1993).

37. E. Meirovitch and J. H. Freed, ESR Studies of low water conte
1,2-dipalmitoyl-sn-glycero-3-phosphocholine in oriented multibilayers
Evidence for long-range cooperative chain distortions,J. Phys. Chem.84,
3281–3295 (1980).

38. E. Meirovitch, A. Nayeem, and J. H. Freed, Analysis of protein-lipid i
teractions based on model simulations of electron paramagnetic reson
spectra,J. Phys. Chem.88,3454–3465 (1984).

39. I. C. P. Smith and K. W. Butler, Oriented lipid systems as model me
branes,in “Spin Labeling Theory and Applications” (L. J. Berliner, Ed.

pp. 411–453, Academic Press, New York (1976).


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	FIG. 1.
	FIG. 2.
	FIG. 3.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

