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3P NMR First Spectral Moment Study of the Partial Magnetic Orientation
of Phospholipid Membranes
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ABSTRACT Structural data can be obtained on proteins inserted in magnetically oriented phospholipid membranes such as
bicelles, which are most often made of a mixture of long and short chain phosphatidylcholine. Possible shapes for these
magnetically oriented membranes have been postulated in the literature, such as discoidal structures with a thickness of one
bilayer and with the short acyl chain phosphatidylcholine on the edges. In the present paper, a geometrical study of these
oriented structures is done to determine the validity of this model. The method used is based on the determination of the first
spectral moment of solid-state 3'P nuclear magnetic resonance spectra. From this first moment, an order parameter is
defined that allows a quantitative analysis of partially oriented spectra. The validity of this method is demonstrated in the
present study for oriented samples made of DMPC, DMPC:DHPC, DMPC:DHPC:gramicidin A and adriamycin:cardiolipin.

INTRODUCTION

The spontaneous orientation of phospholipid membranes imolecule. For molecules with a negati¥g, a perpendic-
magnetic fields has often been considered problematic dueglar alignment will occur whereas those with a positive
to the resulting change in the solid-state nuclear magnetiwill orient parallel to the field. For example, in phospho-
resonance (NMR) spectral lineshapes (Bayerl and Bloomljpids, the hydrocarbon chains, which are considered to be
1990; Van Etcheld et al., 1982; Killian and de Kruijff, the reference axis, havefy < 0 (Boroske and Helfrich,
1986). However, this phenomenon is now widely exploited1978), whereas glycerol ester carbonyls havaya> 0
since it has been shown to improve the spectral resolutiofiMaret and Dransfeld, 1985). Because glycerol carbonyls
(Sanders and Prestegard, 1990; Vold and Prosser, 199&re about perpendicular to the phospholipid hydrocarbon
Phospholipids spontaneously form unilamellar and multilachains (Sakurai et al., 1980), they both tend to orient the
mellar vesicles, which are usually spherical in an aqueoufong axis of the lipid at 90° relative to the magnetic field.
medium (Helfrich, 1973; Pidgeon et al., 1987), but somePeptide bonds also have a positikg (Worcester, 1978).
membranes, depending on composition, concentration, tenBecause all peptide bonds containedniror 3 helices are
perature, and the method of preparation, tend to modify theiparallel to the helix axis, helical proteins will tend to orient
shape in the presence of a magnetic field (Seelig et al., 198parallel to a magnetic field (Neugebauer et al., 1977).
Speyer et al., 1987; Jansson et al., 1990; Qiu et al., 1993). Proteins can also contain aromatic residues that are
When sterols (Brumm et al., 1992; Reinl et al., 1992) orknown to have large negativdy (Maret and Dransfeld,
proteins (Neugebauer et al., 1977; Van Echteld et al., 19821985). In particular, gramicidin A (GA) has 4 tryptophan
Pott and Dufourc, 1995) are embedded in phospholipid memresidues in which the planes of the aromatic rings are
branes, the orientation may be enhanced or modified. approximately parallel to the helix axis (Ketchem et al.,
The origin of the magnetic alignment for a given mole- 1997), favoring a parallel orientation. In the same way, an
cule is its diamagnetic or paramagnetic anisotropy (Borosk@aromatic molecule such as adriamycin (ADM) is expected,
and Helfrich, 1978). If a diamagnetic molecule is placed indue to its negative\y, to orient its plane parallel relative to
a magnetic field, a magnetic moment proportional to thea magnetic field. In fact, it has been shown that the anthra-
diamagnetic anisotropy is induced. Most of the time, thequinone moieties of ADM molecules are closely stacked
magnetic energy of one molecule is not sufficient to allowtogether when they are present at high concentration on the
its alignment. However, when several molecules are packegurface of anegatively charged phospholipid membrane
together, there may be a reorientation of the aggregat@Goormaghtigh and Ruysschaert, 1984; De Wolf et al., 1991).
relative to the field (Qiu et al., 1993). The diamagnetic Their magnetic susceptibilities are therefore added up, which
anisotropy of an axially symmetric moleculky; is defined  makes possible the orientation of the membrane. The orienta-
by the difference between the diamagnetic susceptibilitytion of this membrane will depend on the angle formed by the
parallel () and perpendiculary ) to the main axis of the  ADM and the normal to the bilayer. If the ADM molecule is
tited by 39° (Goormaghtigh et al., 1987), the membrane
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spectroscopies (Reinl et al., 1992; Schaefer et al., 1998). Iwhere 3 is the angle between the principal axis of the
addition, specific phospholipid mixtures are known to form chemical shift tensor and the static magnetic field, agg
bicelles, which are discoidal micelles formed when a longis the isotropic chemical shift. To simplify this equation, the
chain lipid (such as dimyristoylphosphatidylcholine CSA parameter, and the isotropic chemical shift are
(DMPQ)) is mixed either with a short chain lipid (such as expressed in frequency units. Due to this chemical shift
dihexanoylphosphatidylcholine (DHPC)) (Sanders andprientation dependence, both the spectral lineshape of a
Schwonek, 1992; Vold and Prosser, 1996; Sanders angatic sample and the weighted-average frequency of a sam-
Prosser, 1998), a bile salt such as sodium glycocholatgje yith fast molecular motions can be related to the orien-
(Ram and Prestegard, 1988), or the detergent 3-(cholamiziion gistribution of the molecules in the sample. There-
dopropyl)d|methylammon|o-2-hydroxy-1-propanesulfonatefore’ if partial orientation occurs during an NMR

(CHAPSOQ) (Sanders and Prestegard, 1990; Hare et alle‘xperiment, a modification of either the lineshape or of the

1995). In addition, it was recently observed that the add'tlonweighted—average frequency will also be present. Thus, in-

of small amounts of paramagnetic ions to pure bicelle : : ) L .
results in systems in which the director is oriented paralleiOrmatlon at.)OUt the on_entatlon distribution can bg obtained
rom a detailed analysis of the spectral modification.

to the magnetic field (Prosser et al., 1996). This phenome- ) . )

non is due to paramagnetism and will not be considered here, FOF Static samples, a relationship between the spectral
Solid-state’’P NMR spectroscopy is an ideal technique 9€NSity,S(@), and the angular distributio®(B), called the

to follow the orientation of phospholipid membranes due toPrinciple of differential conservation of the integral

the presence of only one phosphorus atom in each phosphg>chmidt-Rohr and Spiess, 1994) is given by

lipid and the absence of phosphorus in most proteins. In _

addition, several interactions studied HY NMR are ori- Slw)ldw| = P(B)|dB| (2)

entation dependent, such as the dipolar coupling and thehat implies

chemical shift anisotropy (CSA) (Seelig, 1978; Smith and

Ekiel, 1984). Spectral simulations have been done to extract P(B) P(B)

the ratio of ellipsoid long/short axis from experiment&p Sw) = [dw/dB| ~ [35 cogBsing|” 3)

(Pott and Dufourc, 1995; Brumm et al., 1992) &htiNMR

spectra (Reinl et al., 1992; Schaefer et al., 1998). In con- In arandomly distributed sample, the angular distribution

trast, even thoughi'P and®H NMR spectroscopies have is easily calculated and the weighted-average frequency is

been applied to bicelles, no spectral simulation of suctequaled to the isotropic chemical shift, but, in lyotropic

system has been done to our knowledge. However, thiquid crystals, partial orientation can occur due to the

shape of the bicelles has been investigated by Chung anglamagnetic anisotropy. In this case, the orientational dis-

Prestegard (1993) based on field gradient studies and hyibution has to be calculated. In the next section, two cases

Vold and Prosser (1996) based on the ratios of the deuterasf partial orientation will be considered, an ellipsoid orien-

splittings for DHPC and DMPC. tation distribution and a discoidal orientation distribution
In the present paper, a method is proposed that uses th&ied bicelles.

first spectral moment of*P NMR spectra to obtain struc-

tural details on magnetically oriented phospholipid mem-

branes. More specifically, it can be used to determine eitheAngular distribution and spectral lineshape
the dimension of a bicelle or the ratio of an ellipsoid

long/short axis. All these parameters are extracted fron] "€ @ngular distribution for ellipsoids has already been
equations that are derived in the Theory section. Differentnvestigated by Pott and Dufourc (1995). Our approach is
systems are studied to present several of the possibilitie4ery similar to theirs but the following presentation is still
mentioned above. First, DMPC forms ellipsoidal vesicles innecessary for a better understanding of that used for bi-
which the phospholipids have a perpendicular orientatiorf€lles. Also, the description of the origin of the ellipsoidal
relative to the magnetic field. Moreover, a DMPC:DHPC angular distribution will help to define the effect of partial
mixture gives bicelles that align the bilayer normal perpen-orientation on the first spectral moment.

dicular to the magnetic field. Finally, the lipids in mem-

branes made of DMPC:DHPC and GA have a parallel

orientation relative to the field, such as those in a complex/lipsoids

made of a mixture of cardiolipin (CL) and ADM. Ellipsoids can be represented by the parametric equations,

X = acosh sin o,

THEORY y=asinfsing,
In axially symmetric system$P NMR chemical shifts are B 4
defined as Z=ccosg, 4)

where the semiaxea and ¢ and the angles and 6 are
represented in Fig. 1. The ellipsoid is called either a prolate

s (3cogB—1)
B spheroid if the semiaxis is greater than the semiaxasor

0=8" b M
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FIGURE 1 Geometrical representations #) @n el-
lipsoid, B) a bicelle in thexX'—y’ plane, and€) a bicelle
in the k'y')-Z plane.

>

a{u > [ 4 S v »

an oblate spheroid i€ is smaller thara. It can be seen in  The projection of the normal unit vector alongs related to

Fig. 1 that, even if the angle that determines the NMRp via the equation,

frequency isB (i.e., the angle between the axis of motional

averaging and the magnetic field), the ellipsoid is defined in

terms of ¢ and 6. Therefore, it is important to relate the

distribution of probability expressed in terms @fand 6 to

the distribution of probability expressed in termsf Rearranging this equation, it is found thatand g are
The tangents to the surface of the ellipsdigandn,, canbe  related via the equation,

obtained by the partial derivation of Eq. 4 relativeg@nd 6,

acose

ya’cose + csirfe’ ®)

A-k=cosB =

a
acosf cose tang = Etan B. 9)
A, = {asineco&p], (5)
—csineg The angular distribution is related to a surface elemagt,
which is given by
—asinfsine
Py = [ acosoe sing ] 6)  ds= A, [ - dede (10)

= asin g a?cos ¢ + ¢ sir? ¢ dedo.

Using the normalized cross product of the two tangents, a
normal unit vector is obtained, An integration ove and the use of Eq. 9 gives the angular

distribution of an ellipsoid,

== ccosfsing

n, Xn 1 ) . ;

|J” > JH - = Toir? [csmesm @], (7) P(B) = 2mc? sinB

Mo MWl \&'COSe + CSIMe | acose B  [sir? B + r2cog pJ?’

A= (11)
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wherer = c/a. Then, the lineshape of an ellipsoid, prolate Then, the lineshape of the outer part of a torus oriented with
or oblate, can be determined using Egs. 1, 3, and 11, its principal axis along is determined using Egs. 1, 3, and

19,
(@) = 2mc?(38)%?
(12) (28 — 2w)(20 + §)
wherer = alc. Finally, the total lineshape of the bicelle is
Oriented bicelles
. o , Siw) S
In this model, the outer part of a bicelle is a torus and the Si(w) = [ Slw) do (1- p)m, (21)

inner part is a circular plane. A representation of a bicelle
can be seen in Fig. 1. These two parts of the bicelle will bewhere the lineshape associated to the planes can be consid-
treated separately. The parametric equations of a torus arered as a delta functioB(w) = 8(w — 9). The relative
proportion of the torus spectrum in the bicelle spectrum is
X" = (c + acosv) cosu, defined as the area of the outer part of a torus over the total

) area of the bicelle,
y' = (c + acosv) sinu,

r(m+ 2r)
Z =asiny, (13) P mta)+1° (22)
where the radia andc and the angles andv are defined When fast motions relative to théP NMR time scale

in Fig. 1. The tangents to the surface of the torysandn,,  occur, such as the rotation of the bicelle around its main
can be obtained by the partial derivation of Eq. 13 relativesymmetry axis and the lateral diffusion of the lipids located

to u andy, in the edge section of the bicelles, there is no more fre-
) quency distribution. In such cases, the weighted-average
—(c+acosv) sinu frequency can be calculated,
A, =| (c+acosv)cosu |, (14) B 2
6\ /T3 cosB—1P(B)d
0 <w> = () IO ( wIZB ) (B) b + 8o (23)
: 2 JoP(B) dB
—asinv cosu
A, =|—asinvsinu |, (15) For a bicelle oriented with its principal axis perpendicular
acosv toz,
Using the normalized cross product of the two tangents, a A-T= cosvcosu = cosp. (24)

normal unit vector is defined, This equation does not give a direct relationship between

COSV COSU two angles and, therefore, it is not possible to use the same
. Ny Xh, ) approach as that used for the bicelle oriented with its normal
A= - =|cosvsinu |, (16) e .
A, X A . parallel to the magnetic field. However, using a delta func-
I < 7, sinv . ,
tion, a surface elementdcan be defined as

The lineshape for a bicelle oriented with its main axis
(i.e., thg nprmallve.ctor to theT biIa_yer _plane).parallel to the ds’ = { | 8(cosucosv — cosB|ds-dcosB, (25)
magnetic field will first be derived in this section. To do so,
we proceed as for the ellipsoidal orientation by taking the
scalar product of the normal unit vector and the unit vectomvhich becomes
alongz,

_ B dv

0
This equation gives directly the relationship betweend (26)

B. Then, the surface area element is obtained from th?Nhencao,this surface element corresponds to the surface

tangents, element of a sphere. Unfortunately, this equation cannot be
(18) solved because it contains an elliptic integral. However,

because perpendicular bicelles spectra can be almost per-
After an integration oveu and using Eq. 17, the density of fectly simulated by Considering the presence of lateral dif-
probability of the torus is found, fusion and tumbling as demonstrated in the Result section,
the static perpendicular bicelle spectra were not simulated

P{(B) = 2ma(c + asin B). (19) here. In the presence of rapid motions such as tumbling and

ds= ||| - |A] - dudv = a(c + a cosv)dudv.
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lateral diffusion, the weighted-average frequency obtaineWMATERIAL AND METHODS
for perpendicular bicelles can be calculated using Eq. 2:?Vlaterial

and multiplied by &5;, value of —0.5, as described below.
DMPC, DHPC, and CL were obtained from Avanti Polar Lipids (Alabas-

ter, AL) and used without further purification. GA and ADM (doxorubicin
Order parameters Sdist and S1 hydrochlorlde) were ob_tamed from Fluka (Ronkonkoma, NY) and used
without further purification.

As discussed above, if there is a change in the shape of
the orientation distribution, there is also a change in theSam le breparation
weighted-average frequency. Rearranging Eq. 23, it is pos- ple prep

sible to define a distribution order parameter, Aqueous dispersions of DMPC and CL were prepared in a 150 mM NacCl
and 10 mM EDTA solution and adjusted to pH 6.5. Samples containing

(W) — 8o 20% (wt/wt) of lipids were then heated t650°C for 10 min, stirred on a
Sist = 5 (27)  vortex mixer, and cooled down at 0°C for 10 min. This cycle was repeated

at least five times just before the analysis. The solution of ADM (0.01

. . g/mL) was prepared in 150 mM NaCl and 10 mM EDTA and adjusted to

It should also be mentioned that the weighted-average frésy 6.5. The appropriate volume of the ADM solution was added to the CL
quency is exactly the same as a first moment calculationgispersion to obtain a 2:1 CL:ADM molar ratio and then, five freeze—thaw

i.e., M; = (w). Therefore, a calculation of the spectral cycles were applied to the system. Samples of 2.7:1 DMPC:DHPC molar
moments could be a measure of the orientation Obviouslyaﬁo were prepared in a 0.1 M KCI buffer. Then samples containing 20%

thi tion i | lid if th . is of the distributi (wt/wt) of lipids were heated to-35°C for 10 min, stirred on a vortex
IS equation IS only valid It the main axis ot the distributon mixer, sonicated, and cooled down at 0°C for 10 min. This cycle was

is alongz If the system main axis is tilted relative to the repeated at least five times just before the analysis. Samples of 10:4.3:1
magnetic field axis, a new total order parameter can b&MPC:DHPC:GA molar ratio were prepared in trifluoroethanol. To obtain
introduced, homogeneous peptide/lipid systems, the samples were incubated at 52°C
for 1 h and shaken on a vortex mixer at least a few times during the
S = Si«* Sir- (28) incubation cycle. After the incubation, the organic solvent was evaporated
with a nitrogen stream followed by high vacuum pumping overnight. The

This new order parameter is denolsldo emphasize that it samples were then hydrated at 32% (wt/wt) with a HEPES buffer prepared
at pH 7.0 and were submitted to several cycles of heating (52°C), vortex-

comes experimentally from a first moment calculation. It is mixer, sonication, and cooling (0°C).
possible to solve these order parameter equations for many

systems by considering their angular distributions. For a .

spherical vesicleS, = 0. In the case of an ellipsoid, as- NMR experiments

suming that the main axis is alozgthe order paramete&3;  The3p NMR spectra were acquired at 121.5 MHz on a Bruker ASX-300

IS (Bruker Canada Ltd., Milton, ON) operating at'dl frequency of 300.0
MHz. Experiments were carried out with a broadbaHddual frequency
3 A—1 1 4-mm probehead. The free induction decays (2 K data points) were
S = 22-1) {Al} 5 (29A) recorded with a spin echo sequence (2000 or 4000 scaris)amtto 7 s
(I‘ - ) + repetition time and under conditions of proton decoupling. ¥He90°

pulse length was typically 4.Qus, corresponding to a rotating-frame
frequency of about 63 kHz. Th&P 90° pulse length was as and the
interpulse delay was set to 30s to avoid anisotropid, effects on static
r? 1+ V‘l —r? spectra. The temperature was controlled to withth5°C and the chemical
2 /1 2 In 1— //1 —2[ (298) shifts expressed in_ part_s per millions (ppm) were re_f(_erenceq relative to _the
v N signal of phosphoric acid at 0 ppm. When not specified, a line broadening
of 50 Hz was applied to the spectra. Magic angle spinning (MA)
NMR spectra were obtained with a spinning speed of 6 kHz and a free
induction decay b4 K data points (1000 scans). No line broadening was
(29 C) applied to these spectra.

Ifr <1,

A=

whereas, ifr > 1,

r2
A= ) arctan{ \r* — 1.
VT

. . . . . imulations an Iculation
For bicelles, because their main axis can be oriented a? ulations and calculations

different angles relative to the external magnetic field, it isSimulations and calculations were performed with the Grams 386 software

more appropriate to define a distribution order paramete(GalacticIndustri_es Corp., Salem, NH) using the Array Basic programming
using the distribution of orientation and Eq. 22, Iangua_ge. The_smulated spe_ctra were broadened by convolution YVIth a
Gaussian function. The experimental spectral treatment was done using the

1 1 UXNMR software from Bruker (Bruker Canada Ltd., Milton, ON).
Sist = ' 30
UM+ 224+ 1) (30)

Then, theS, order parameter is determined from Eq. 28
using anS;, value of 1 for parallel bicelles ane 0.5 for
perpendicular bicelles. It is also possible to use any otheln this section, we will present the simulaté®® NMR

Sii values for partially tilted bicelles. spectra for partially oriented membranes, using the formal-

RESULTS AND DISCUSSION

Theoretical spectra
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ism developed in the Theory section. The simulated spectracyl chain phospholipid that has been assumed to be on the
will then be used to obtain the order parametgrandS,,  rim of the bicelle (Sanders and Schwonek, 1992; Vold and
respectively related to the orientation and the dynamics oProsser, 1996). Bicelles made of only two circular planes
membranes. have also been proposed for systems composed of CHAPSO
Figure 1 shows two types of partially oriented mem-and DMPC (Sanders and Prestegard, 1990; Sanders et al.,
branes, an ellipsoidal vesicle Mand two views of a bicelle  1994). In the present study, the bicelles are modeled by the
in B and C. If partial orientation occurs in model mem- combination of the outer part of a torus and of two circular
branes, they will most likely adopt an ellipsoidal structure inplanes (Fig. 1B and C). Simulations will be made using
which a will be smaller tharc due to the sign of the lipid two different models. In the first model, we will consider a
diamagnetic anisotropy (Boroske and Helfrich, 1978). Inconstant molecular surface area, a constant composition of
this kind of system, the majority of the phospholipids will phospholipids over the whole surface of the bicelle and a
be oriented with their main axigi, at 90° relative to the negligible contribution of the lipid lateral diffusion. In the
surface. Such an ellipsoidal orientation implies either verysecond model, we will consider a rapid axial rotation of the
large unilamellar or multilamellar vesicles because phosbicelles around their main axis in addition to a rapid lateral
pholipids in an ellipsoid with a very short semi-axswill diffusion of the lipids. In these two models, the bicelles are
experience a fast angular diffusion that would result inconsidered to be made of a single bilayer in which the
chemical shifts characteristic of a hexagonal phase rathdhickness is the double of the radius of the edge, as illus-
than the ones characteristic of lamellar phases (Seeligrated in Fig. 1C. The axis system of the bicelles is denoted
1978). (X', ¥y, Z') to account for the difference with the laboratory
Figure 2 shows the simulated spectra of ellipsoidal strucframe , y, 2). Two different orientations of the main axis of
tures forr ranging from 5 to 0.2. At a ratio of 5, the the bicelles are modeled, a bicelle with #saxis alongz
phospholipids are almost all oriented at 90° relative to theand a bicelle with itx’ axis alongz.
magnetic field. The ratio of 1 corresponds to a spherical Figure 3A reports the simulation 6P NMR spectra of
vesicle, and, at a ratio of 0.2, the majority of the phospho-static parallel bicelles in which the effect of the orientation
lipids is oriented parallel to the magnetic field. The surpris-can be easily seen as an increasing spectral compon&nt at
ing point of these simulated spectra is that a prolate ellipsoid\n important point to note is that a highly oriented system,
gives a very small distribution of frequencies in comparisone.g., with anr value of 0.5 corresponding to a bicelle
with the broad distribution occurring for an oblate shape.thickness of 50 A and to a bicelle total diameter of 200 A,
This can be seen in Fig. 2 by comparing the spectramith  gives a broad spectrum if the main axis of the bicelle is
2.5 and 0.4. oriented parallel to the magnetic field. However, because
The second case of partial orientation is the bicelle, whictthe broad component is due to the rim of the bicelle, static
is usually made of a long acyl chain phospholipid that hagarallel bicelles should give sharp NMR peaks for mole-
been assumed to be on the two circular planes, and of a shartiles exhibiting fast axially symmetric motions inserted into

5.00 1.33 0.60

2.50 1.00 0.40
FIGURE 2 3P NMR spectral simulations of ellip-
soidal vesicles as a function ofwith 8 = 25 ppm,
8iso = 0 ppm and a Gaussian broadening (FWHH
1 ppm).
1.67 0.80 0.20

40 20 0 20-40 40 20 0 -20-40 40 20 0 -20-40
Chemical shift (ppm)
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FIGURE 3 **P NMR spectral simulations of bi-

celles as a function of with § = 25 ppm,§,, = 0

ppm and a Gaussian broadening (FWHH3 ppm).

(A) Static parallel bicelles.B) Parallel bicelles with

axial tumbling and lateral diffusionQ) Perpendicu-

lar bicelles with axial tumbling and lateral diffusion. 40 20 0 -20-40 40 20 0 -20-40 40 20 0 -20-40
Chemical shift (ppm)

C) 05 n 0.2 0.05

4020 0 -20-40 40 20 0 -20-40 40 20 0 -20-40
Chemical shift (ppm)

their flat sections, such as membrane proteins. Finally, the As discussed before, in oriented systems, it is possible to
spectral difference between parallel bicelles and oblatelefine an order parameter from the first spectral moment
spheroids allows a discrimination of the two types of orga-measured experimentally, which will be a measure of the
nization, as discussed in a later section. orientation level. A system with a value & close to 1
Figure 3,B andC, shows simulated parallel and perpen- (—0.5) indicates that all the molecules are oriented with
dicular bicelle spectra in which tumbling and lateral diffu- their main axis parallel (perpendicular) to the magnetic
sion have been considered. In this model, we supposed théield. Figure 4B reports the variation 0§, with the shape
the phospholipids that constitute the torus do not diffuse iparameter assuming that the main axis of the oriented
the planes and vice-versa. This assumption has been madgstem is along for ellipsoids and either along or perpen-
because experimental bicelles are constituted of two typedicular toz for bicelles.
of phospholipids that are believed to be laterally phase A relative order parameter can also be defined, namely
separated. The relative proportion of the two peaks observetthe ratio of the spectral widths of an experimental spectrum
in these spectra varies with theshape parameter. This to that of a reference spectrum,
relationship is defined by Eq. 22 and is plotted in FigA.4
Therefore, from an experimental spectrum, it is possible to S = if (32)
determine the size of the bicelle only by integrating the two 8

peaks. The frequency of the peak from the torus part CaRhis order parameter, denot& to emphasize that it is
also be related to theshape parameter by related to the second spectral moment, can vary from 1 for
a system in which the dynamics are the same as those in a
(31) reference system to O if the system becomes totally isotro-
pic. Several reference systems can be chosen, such as the
An S, order parameter can be calculated from this weight-CSA of DMPC multilamellar vesicles when investigating
ed-average frequency using Eq. 27. This relationship, plotbicelles made of DMPC and DHPC. This order parameter
ted in Fig. 4A, could also be a measure of theshape combines the effects of two other order parameters, a first
parameter. A value of 0.25 for the center of gravity of theone that has already been introduced in the literature as
torus section of bicelles relative to the bilayer normal hasS,;ayers (Sanders and Schwonek, 1992), which denotes the
already been proposed in the literature (Vold and Prossepresence of local motional averaging of the CSA, and a
1996) for?H NMR spectra. second that we have previously nam@&g and that some

v
(@rorue = dm+8r°
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authors have introduced &, s.em(Sanders et al., 1994), Pure DMPC

which relates the orientation of the main axis of the system_. 1
to the magnetic field axis. However, in the present study, tf?(la:'gure 5A presents the”P NMR spectra of DMPC re-

main axis of each system is considered to be oriented eithecr?rde;j attdgfe:ﬁ n_t con;j_lt:on:_s O]; ctgnc_enirhatlon andt_terpplzr—
parallel or perpendicular tg which implies that a change in ature fo study their partial orientation In the magnetic heid.
S, is considered as a change in the dynamic propertie hgse spectra are characteristic of phqsphollplds in the
(lateral diffusion, wobbling, tumbling) of the lipids rather lquid-crystalline phase. At a concentration of 40%, the

than an orientational change of the main axis of the orientegPectrum is very close to the spectrum of a spherical distri-
system (such as a tilt of the bicelles). bution. However, lowering the concentration results in a

decrease of the intensity of the lipids oriented at 0° relative
to the magnetic field, which confirms the presence of partial
Experimental systems orientation. It is also possible to note the appearance of an

To validate the spectral simulations and the use of the orddpOtroPic peak, which could be related to the formation of
parameters presented in the previous section, several paihaller structures in which the tumbling and the lateral
tially oriented lipid systems have been investigated. Moreliffusion correlation times become on the same order as the
specifically, we have first investigated the partial orienta-NMR acquisition time. Even if hydration seems to have the
tion of pure DMPC multilamellar vesicles as a function of Mostimportant effect on the partial orientation, temperature
temperature and of hydration level. This system is known tcls0 seems to induce a change of the orientation distribution.
be partially deformed in high magnetic fields, and the re- These spectral deformations were investigated by an ori-
sults of the present study will show that the partial orienta-€ntation calculation. Information about the orientation in
tion can be quantitatively defined by the order paramgter this system could be obtained only if the isotropic and
A similar approach will then be applied to DMPC:DHPC anisotropic chemical shifts are evaluated precisely. The
bicelles, a lipid system known to orient with the lipids isotropic chemical shifts were obtained from MAS spectra
oriented at 90° relative to the magnetic field. Finally, we but are not reported here, and the chemical shift anisotropy
will investigate two cases of partial parallel lipid orienta- was evaluated directly on the static spectra. The CSA can be
tion, namely the parallel orientation of DMPC:DHPC mem- obtained in different ways, such as evaluating the second
branes in the presence of GA and the partial orientation ofpectral moment. However, simulations have proven that an
CL membranes in the presence of ADM. extremely accurate measurement of the CSA is not neces-
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sary for the orientational calculations (results not shownshows the spectra obtained as a function of temperature.
and we have therefore evaluated this parameter by takinBelow 25°C, the spectrum is composed of an isotropic peak
the chemical shift at 90% of the maximum spectral inten-that can be attributed to DHPC and of a broad spectrum that
sity. Our results indicate that both the CSA and the isotropican be attributed to DMPC (Sanders and Schwonek, 1992).
chemical shift vary linearly with temperature, with a tran- The intensities of the two subspectra correspond approxi-
sition at the gel to liquid-crystalline phase transition (resultsmately to the molar fraction of DMPC and DHPC used in
not shown). Then, an ellipsoidal parametenyvas evaluted the sample preparation. From 25° to 35°C, the spectra
from the first spectral moment using Eq. 29 and plotted asndicate that the system becomes more and more oriented,
a function of the phospholipid concentration for two tem-i.e., the intensity corresponding to a perpendicular orienta-
peratures in Fig. B. The ratio of the semi-axeg/a in-  tion of the phospholipids increases greatly. A second smaller
creases with temperature and DMPC concentration, indicapeak, characterized by a different chemical shift, is also present
ing a higher orientation at high temperature and lowand its chemical shift decreases with temperature.
concentration. This is related to the membrane elasticity, In a previous section, we have demonstrated that, as some
which increases with an increasing temperature and deauthors have suggested (Sanders and Schwonek, 1992; Vold

creasing concentration. and Prosser, 1996), the smaller peak is due to phospholipids
in the edges of the bicelle, most likely the short-chain lipid
Bicelles DHPC. However, the relative intensity of the two peaks

changes with time, which indicates that these two peaks
The second system investigated in the present study is maaeight not be solely attributed to DMPC and DHPC. At
of DMPC and DHPC at a molar ratio of 2.7:1. This systemtemperatures above 40°C, the smaller peak disappears at the
is supposed to form discoidal structures that orient theiexpense of an isotropic peak. This corresponds to a well-
main axis at 90° relative to the magnetic field. Figurd 6 known property of bicelles, namely the existence of a
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magnetic phase transition at 40°C (Sanders andrientation and, as the temperature increaSgslecreases
Schwonek, 1992). At temperatures above 40°C, the proto —0.45 at 35°C, representing an almost complete perpen-
portion of phospholipids with a 90° orientation seems todicular orientation of the lipids. The®, increases te-0.35
increase withtemperature and the intensity of the isotro- at 50°C and decreases t60.40 at 65°C. The greatest
pic peak decreases. orientation is therefore at 35°C with a transition between 40
The order parametef§, andS, have been calculated for and 50°C. These results indicate that bicelles are well ori-
these spectra using pure DMPC multilamellar vesicles asnted between 30 and 40°C. This temperature range is
the reference system. More specifically, is calculated similar to that obtained by other groups (Sanders and
from the first spectral moment. In a previous section, weSchwonek, 1992; Losonczi and Prestegard, 1998; Ottiger
have demonstrated that, even in the presence of two distineind Bax, 1998) that demonstrated that bicelles are well
peaks,S, can be calculated if the peaks have the sameriented between 30 and 40—-45°C. The slight difference
isotropic chemical shift. This seems very likely becauseobserved in the upper limit temperature might be due to a
DMPC and DHPC have the same headgroup. In additionslight sampling heating effect resulting from the high proton
even if the two peaks are not solely attributed to DMPC ordecoupling power used in the present study.
DHPC, no fine structure is observed in the two peaks, again The results presented above indicate Bas a good tool
suggesting similar isotropic chemical shifts and CSA for thefor representing the magnetic orientation of phospholipids
two lipids. Figure 68 shows the variation d§, as a function  because it is directly related to the shape of the membrane.
of temperatureS, has a value of 0 at 20°C, representing noAnother order parameter that can be measured on these
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spectra isS,, which is related to the dynamics in the systemParallel lipid orientation
relative to a reference system. In this case, the referen
system is pure DMPCS, is plotted as a function of tem-

perature in Fig. 8. In the supposed temperature range of
existence of the bicelles<@0°C), the order parameter in-

dicates that the system is less ordered than is pure DMP&egaﬂve orientational order parametgy ¢ —0.5), a well-

N . : résolved NMR spectrum with sharp lines will only be ob-
This is in agreement with the formation of small structures__. . . )
. . . tained if the molecule of interest undergoes fast axially
such as bicelles. At high temperaturé&, is equal to 1,

N : . : . symmetric motions. Otherwise, the NMR spectra will ex-
”?d'.ca““g that the.averagmg of the chemical shift tensor Shibit cylindrical powder patterns (Prosser et al., 1998). For
similar to that obtained for pure DMPC. The spectra are als?his reason, the alignment of phospholipid bi’layers with

broader andS, higher, showing that the system is most their director parallel to the magnetic field (i.e., wih =

likely constituted of bigger structures less oriented than th .
. has been the goal of several research efforts. Recently, it
bicelles at low temperature. These comments are based 03

the assumption that th&,, of the bicelles equals-0.5. In was observed that the addition of small amounts of para-

. U magnetic ions such as Eu or Yb®*" to DMPC/DHPC
this system, the paramet8& therefore provides important . ; : . . o
. . . bicelles results in systems in which the director is oriented
and complementary information about the dynamics in the L
system parallel to the magnetic field (Prosser et al., 1996). Another

To go further in the analysis of the system, we have useday to obtain a parallel lipid orientation without these

the proposed shape of the bicelles discussed in the Theo}:g\ramagnenc_deffectz WOUId. Ee tlhe add|t|_o.n of a mdolecule
section to obtain the (a/c ratio) value from the relative (brotein, peptide, or drug) with a large positig (Sanders

propotion of the o peaks at 35°C. Using Eq 22, wepy o ol S B EE MR (B BTG PR SO
found a value of 0.07, indicating that the semi-axis 15 P Y, brep

times the value of the semi-axas Assuming that the bicelle presence of the transmembrane peptide GA due to its high
thickness is 50 A. the total diameter of the bicellei@50 content in aromatic residues and to its helical conformation.

A. In contrast, it is possible to determine tmeshape Figure 7A shows the spectra of DMPC:DHPC.GA as a

parameter from the tota, value at 35°C. Using Egs. 28 function of temperature and time. These spectra .clearly
o .. show the appearance of a spectral componesjtiath with
and 30, we found that= 0.05, indicating that the semi-axis ; . : .
. : .2 . : increasing temperature but also as a function of the time
c is 20 times the value of the semi-axas which gives a

bicelle diameter of~1000 A. Therefore, these two different sp_?_ﬂglgot:]e anr]izggetfétween the spectra presented in Hid. 7
methods give approximately the same diameter, which cor- b P P 9:

responds to the proposed diameter for discoidal structures %nd the simulated spectra presented in Figs. 2 and 3 indi-

lyotropic liquid-crystals (Forrest and Reeves, 1981). An_cates that the shape of the partially oriented system is closer

other way to determine threshape parameter is from tise to a.statlc parallel- b|9ellg than tg a parallel .eII|p§0|d. .TO
- i . ._obtain more quantitative information about this orientation
of the edge phospholipids. This value is plotted as a function

of temperature in Fig. €. The first remarkable feature is phenomenon$, and$, were calculated using pure DMPC

the linear relationship betwees; and temperature between g\tgg:]zasr?aer:lta;tvg ?ﬁlffa?f Sthgcrt?;er_?al(j: Si%/i;enmﬁmgfjere d
25° and 45°C. However, it is surprising that all thevalues ' P X !

are below—0.125, the limit value. A way to explain this that these systems are less ordered than pure DMPC. This is

i in agreement with the disordering effect also observed in
phenomenon is to suppose an exchange between the phas: . i .
S : . P NMR spectra of unoriented DMPC lamellar vesicles in
pholipids in the torus and in the planes of the bicelles. Th

. &he presence of GA (Banger, A. and Auger, M., unpub-
resulting order parameter could be represented by lished results). Fig. B presents theS, calculation that
provides quantitative information about the orientation of
the lipid systems. Hence§, goes up to 0.55 in the last

. . : . spectrum, which is representative of a high orientational
In this equationt represents the proportion of time spent by order. In addition, Fig. B shows ther (a/c) ratio obtained

a phospholipid in the torus. This galculation has been PeTom the order paramet&;. For the highly oriented system
formed on t.he data presented in Figh@nd the results are atthe end of the experiment, the calculation of the diameter
plotted N F'g.' 6C. These resuits S.hOW that the.thSphO“P'dfrom ther value indicates that the bicelle has a diameter
lateral diffusion begqmes more important with INCreasiNgey v times bigger than its thickness. This observation is in
temperature. In addition, they suggest that the phOSphOI'p'dggreement with the proposed size of bicelles (Vold and
in the edges of the bicelle are partially phase separated fro'Brosser 1996)

the lipids in the planes, but that a fast exchange process ' '
exists between them. Vold and Prosser (1996) have inve%— el liid ofi ) thout DHPC?
tigated the same system B NMR and showed, using thaeraci-/\lgllw?::;?tﬁfn without :

labeled DHPC, that this phospholipid is located solely in the ’ P

edges of the bicelle. This difference can be easily explainednother oriented system with the lipids parallel to the

by the longer timescale 6fP NMR relative to?H NMR. magnetic field is the CL:ADM complex at a 2:1 molar ratio.

Sne potential limitation in using the magnetically oriented
bilayers described in the two previous sections for structural
studies is that, because this system is characterized by a

S =t-S\+(1—1-SPh (33)
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ADM is a highly aromatic molecule used currently in che- gradually with temperature. However, the orientation does
motherapy as an antineoplastic agent. This molecule isot become as high as that observed in the DMPC:DH-
known to interact strongly with negatively charged lipids PC:GA system. Using pure CL multilamellar vesicles as the
such as CL, a phospholipid found in the negatively chargedeference system, the value f is ~1 at all temperatures,
cardiac cellular membranes. ADM has been shown to causedicating that the dynamics in this system are close to those
cardiac arrest if taken at high dosage. A model of interactiorof the pure CL system. These observations are in agreement
for this system has been proposed in the literature in whiclwith a broader distribution of orientations that is probably
the ADM molecules are stacked on the membrane at anot associated to a perfect bicellar system. Thehape
angle of 39° relative to the bilayer normal (Goormaghtigh etparameter has not been calculated because it is impossible
al., 1987). This arrangement is characterized by a largéo assume a perfect bicellar shape for this system.
value of Ay which favors its magnetic orientation. Figure
8 A shows the spectra of the CL:ADM complex at a 2:1
molar ratio as a function of temperature. Significant mag-
netic orientation occurs in this system as the temperature
increases, which is in agreement with the model of interacThe concept of magnetic orientation is not really new.
tion proposed for this complex. Comparing these lineshapebslowever, a lack of methods to evaluate this phenomenon is
with those presented in Figs. 2 and 3 indicates that thesevident in this area of research. Some authors (Forrest and
spectra could again be associated to a hicellar organizatioReeves, 1981) proposed order parameters to evaluate the
However, the resolution is not as good and the spectrum iextent of magnetic orientation, but these parameters are not
broader, characteristic of a distribution of CSA. Anotherreally appropriate. More specifically, the measurement of
satisfactory model could be an intermediate system comthe orientation via an order parameter suchSgsas de-
posed of spherical vesicles with flat sections where thescribed above, is interesting but not complete. This order
phospholipids are oriented parallel to the magnetic field. parameter could be indicative if a tilt of the bicelles or
Figure 8B shows the results of the order parameter cal-¢llipsoids relative to the magnetic field axis is assumed.
culations for the ADM:CL system. The value 8fincreases However, in general, it is more appropriate to suppose that

Perspectlves
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the main axis of the deformed membrane is along or perhas recently been proposed based’bnNMR measure-
pendicular to the magnetic field. In these cases, such ordenents and on the calculation of the relative areas of the
parameters will provide interesting information about theplanes and edges of the bicelles (Vold and Prosser, 1996).
dynamics in the system. Therefore, the definition of anotheiThere are also extensive studies of the position of DHPC on
order parameter is really important. In the previous sectionthe edges of the bicelles 5 and*'P NMR spectroscopy
we proposed a new order paramet8y, derived from the (Sanders and Schwonek, 1992; Vold and Prosser, 1996).
measurement of the first spectral moment. However, there are no simulated spectra of such bicelles in
Spectral moments are well defined in the literature andhe literature, and therefore, an attempt to simulate both the
are very easy to measure (Abragam, 1961). Therefore, gperpendicular and parallel orientation of bicelles seems
orientation parameter derived from this type of measurevaluable.
ment is suitable. In fact, a change in the spectral lineshape The experimental spectra obtained for bicelles with their
due to partial orientation will affect the spectral moments. Inmain axes oriented parallel to the magnetic field are in
principle, it could be possible to obtain orientation-depen-agreement with simulated spectra, suggesting the validity of
dent measurements from each of the spectral mombhts ( this model. For perpendicular bicelles made of DMPC and
M,, M3, M, ...). However, the moments higher than theDHPC, the presence of a second peak with a frequency
first one are very dependent on the spectral line broadenindifferent from §, is a convincing proof of the validity of
and only M, is not affected by symmetrical broadenings, the bicelle model. In addition, both the relative intensity of
such as Lorentzian or Gaussian broadenings. Therefor¢he two peaks and th®, calculation give the sameshape
only the use oM, is possible, even iM, is dependent on parameter, which corresponds to the proposed diameter of
both the CSA and the isotropic chemical shift. With anthe bicelles. Finally, the values d§, obtained for the
evaluation ofé on a well-defined static spectrum and&f,  phospholipids in the edges of the bicelles suggest that there
from a MAS spectrum, a really precise evaluationSpfis  is a phase separation between the lipids in the planes and the
possible. torus of the bicelles and that there is a fast exchange process
Because of the increasing use of both parallel and perbetween them. These results fra® NMR are in agree-
pendicular bicelles as model membrane systems, the chament with those obtained frofH NMR measurements
acterization of their shape and size is important. A mode(Vold and Prosser, 1996).
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CONCLUSION various acidic phospholipids results in changes of lipid order and dy-
namics.Biochim. Biophys. Actal096:67—80.

A new order paramete§;, has been proposed in the presentForrest, B.J.,, and L. W. Reeves. 1981. New lyotropic liquid crystals
study to obtain quantitative information about the orienta- Ccomposed of finite nonspherical micelléshem. Rev81:1-14.

. AT . Goormaghtigh, E., R. Brasseur, P. Huart, and J. M. Ruysschaert. 1987.
tion of phOSphC)“p'dlc systems. This new tool can be helpful Study of the adriamycin:cardiolipin complex using attenuated total re-

both to investigate the shape of lipid membranes and to flection infrared spectroscopfiochemistry26:1799—-1805.
study the effect of several parameters (temperature, hydr&oormaghtigh, E., and J. M. Ruysschaert. 1984. Anthracycline glycoside-
tion, addition of proteins or drugs, etc.) on the orientation of Membrane interactiongiochim. Biophys. Actar79:271-288.

P Hare, B. J., J. H. Prestegard, and D. M. Engelman. 1995. Small angle x-ray
phOSphOIIpIdIC systems. A second order parame3grean scattering studies of magnetically oriented lipid bilayeB&ophys. J.

provide complementary information about the dynamics in 69:1891-1896.
an oriented systerﬁ.lP NMR spectra have been simulated Helfrich, W. 1973. Lipid bilayer: deformation and birefringence in mag-
for both ellipsoid and bicellar systems in which the lipids nefic fields.Phys. Lett43A:409-410.

- - - ansson, M., R.L. Thurmond, T.P. Trouard, and M. F. Brown. 1990.
are oriented either parallel or perpendicular to the externa Magnetic alignment and orientational order of dipalmitoylphosphatidyl-

magnetic field. In addition, th&, andS, order parameters  choline bilayers containing palmitoyllysophosphatidylcholi@hem.
have been determined from the experimental spectra ob- Phys. Lipids54:157-170.
tained for several systems. Kchhem, R.R., B. Roux, and T. A. Cross. 1997. High-resolution p_olypep-
e . tide structure in a lamellar phase lipid environment from solid state
More specifically, the general influence of temperature NwmR derived orientational constraintStructure.5:1655-1669.
and concentration on orientation has been clearly demorkilian, J. A., and B. de Kruijff. 1986. The influence of proteins and
strated for pure DMPC multilamellar vesicles. In addition, peptides on the phase properties of lipi@em. Phys. Lipids40:

. - . . 59-284.
the orientation and shape of bicelles made of DMPC'DHPCLosonczi, J. A., and J. H. Prestegard. 1998. Improved dilute bicelle solu-

in V_Vhi(_:h the lipids are Orient_ed perpendicul_ar to the mag- ions for high-resolution NMR of biological macromoleculdsBiomol.
netic field, has been determined as a function of tempera- NMR.12:447-451.

ture. We have also shown in this study that the addition ofMaret, G., and K. Dransfeld. 1985. Biomolecules and polymers in high

. ; ; . steady magnetic field$n Topics in Applied Physics. Strong and Ultra-
GA to the DMPC:DHPC system induces an orientation of strong Magnetic Fields and Their Application. Vol. 57. F. Herlach,

the lipids parallel to the magnetic field that seems to favor editor. Springer, New York. 143-204.
the formation of bicelles. Adriamycin also induces an ori- Neugebauer, D. C., A. E. Blaurock, and D. L. Worcester. 1997. Magnetic
entation of the lipids at 0° relative to the magnetic field in orientation of purple membranes demonstrated by optical measurements

. . . ... and neutron scatteringtkEBS Lett.78:31-35.
CL b"ayers' even in the absence of the short chain IIpIdOttiger, M., and A. Bax. 1998. Characterization of magnetically oriented

DHPC. This indicates that a partial positive ordering can be phospholipid micelles for measurement of dipolar couplings in macro-
obtained in lipid systems without the addition of paramag- moleculesJ. Biomol. NMR12:361-372.

netic ions and can be well characterized by the order pa‘Eidgeon, C_., S. McNeeley, T. Schmidt, and J. E. Johnson: 1987. Multilay-
ered vesicles prepared by reverse-phase evaporation: liposome structure

rameterS, derived from the first spectral moment. and optimum solute entrapmeiitiochemistry 26:17—29.
Pott, T., and E.J. Dufourc. 1995. Action of melittin on the DPPC-
cholesterol liquid-ordered phase: a solid-stite and*'P-NMR study.
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