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ABSTRACT The electron spin reso-
nance spectra of 1-myristoyl-2-[n-(4,4-
dimethyloxazolidine-N-oxyl)myristoyl]-
sn-glycero-3-phosphocholine spin-la-
bel positional isomers (n = 6, 10, and
13) have been studied in oriented, fully
hydrated bilayers of dimyristoylphos-
phatidylcholine, as a function of tem-
perature and magnetic field orientation.
The spectra have been simulated using
a line-shape model which incorporates
chain rotational isomerism, as well as

restricted anisotropic motion of the lipid
molecules as a whole, and which is
valid in all motional regimes of conven-

tional spin-label electron spin reso-
nance (ESR) spectroscopy. At least
one component of the lipid motion is
found to lie in the slow-motion regime
for all label positions, even in the fluid
liquid crystalline phase, well above the
phase transition. In the gel phase, the
chain isomerism lies in the slow-
motional regime, and the overall
motions are at the rigid-limit. In the fluid
phase, the chain isomerism is in the
fast-motional regime, and the chain
axis motions are in the slow regime.

This indicates that the commonly used
motional-narrowing theory is not ap-
propriate for the interpretation of spin-
label spectra in biological membranes.
The simulation parameters yield a con-

sistent description for the chain order
and dynamics for all label positions.
The correlation times and order param-
eters for the overall motion are the
same at all positions down the chain,
whereas the chain conformation and
trans-gauche isomerism rate display a
characteristic flexibility gradient, with
increasing motion towards the terminal
methyl end of the chain. Significantly, it
is found that all six distinct tetrahedral
orientations of the hyperfine tensor at
the labeled segment are required for a
consistent description of the chain
isomerism. For the C-6 segment only
the 00 (trans) and two 600 (gauche)
orientations are significantly populated,
for the C-10 position two further 600
orientations are populated, and for the
C-13 position all orientations have non-
vanishing populations. Detailed com-

parisons have been made with the
results of 2H nuclear magnetic reso-

nance (NMR) measurements on dimy-
ristoylphosphatidylcholine labeled at
the same position in the sn-2 chain, and
using an identical motional model. The
parameters of overall reorientation,
both order parameter and correlation
times, have very similar values as
determined by ESR and NMR. The
major difference between the results
from the two methods lies in the confor-
mational populations at the labeled
chain segment and the trans-gauche
isomerization rate in the gel phase. The
conformational order is much lower for
the spin-labeled chain segments than
for the corresponding deuterium-
labeled segments, and the isomer
interconversion rates in the gel phase
(although displaying a mobility gradient
in both cases) are found to be much
slower in the former case. In addition
the spin-label measurements provide
information on the macroorder (chain
tilt), which is only available from
oriented samples. These results are

consistent between the different spin-
label positions and are in agreement
with the findings from x-ray diffraction.

INTRODUCTION

A fluid lipid environment is essential for many critical
membrane functions. Much information on the underly-
ing molecular dynamics has been obtained from the study
of lipid bilayer model membranes. The entropy changes
taking place at the gel-to-fluid phase transition in lipid
bilayers indicate that the molecular basis of the mem-

brane fluidity is rotational isomerism in the lipid hydro-
carbon chains (see, e.g., reference 1). Magnetic resonance

and diffraction methods have indicated that the cumula-
tive effect of rotational isomerism results in a characteris-
tic flexibility gradient and a progressive chain shortening
on proceeding down the length of the chain from the polar
headgroup region to the terminal methyl groups (2-5). In

addition to segmental motion, overall angular fluctua-
tions may also take place, as well as rotations about the
long axis of the lipid molecules. All of the above-
mentioned angular rotational motions have been detected,
or at least hinted at, by magnetic resonance spectroscopy
(see, e.g., references 2, 3, 6, and 7). Chain rotational
isomerism and limited angular fluctuations within an

orienting potential are also common features of many of
the statistical mechanical bilayer models used to interpret
the thermodynamic and dimensional properties of lipid
bilayers (reviewed in reference 1).
A detailed description of any aspect of the lipid molec-

ular dynamics requires a comprehensive motional model
to interpret the data from the magnetic resonance spec-
troscopic methods. To a certain extent this has already
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been undertaken in the analysis of 2H nuclear magnetic
resonance (NMR) (7, 8), and also of spin-label electron
spin resonance (ESR) (6, 9, 10), for labeled lipid mole-
cules. The purpose of the present paper is first to extend
our previous measurements (6), particularly with spin-
label ESR, to other positions of chain labeling and second,
to provide a detailed comparison between the spin-label
ESR and 2H-NMR results on the chain order, conforma-
tion, and dynamics. The reason for doing the latter is not
simply to assess the distorting effect of the spin-label
group on the local chain conformation, but more impor-
tantly to check the results obtained on chain dynamics by
two spectroscopic methods with considerably different
ranges of motional sensitivity.

Previous, more limited, studies have indicated that, in
spite of the presence of the spin-label group, the overall
dynamics recorded by ESR are reasonably similar (within
a factor of 2-3 in correlation times) to those obtained
from 2H-NMR (6). The advantage of using ESR to
determine the lipid dynamics, therefore, lies not only in
the better sensitivity relative to 2H-NMR, but also in the
fact that the characteristic timescale for nitroxide spin-
label ESR (sensitivity to correlation times in the range

0.1-100 ns) matches very closely the rates of molecular
rotation observed in fluid lipid bilayers and membranes.
Deuteron NMR, on the other hand, is less optimal in this
respect. The 2H-NMR spectra from labeled lipids are

mostly in the fast-motional limit with respect to the
principal modes of molecular rotation in fluid lipid mem-
branes. The NMR spectra are thus intrinsically less
sensitive to changes in motional rates and require the
combination of different relaxation experiments to
describe the motion fully. This is particularly the case, for
example, in the study of lipid-protein interactions, where
in contrast to ESR, the NMR spectral components from
the labeled lipids in environments next to and away from
the intramembranous surface of integral proteins may be
averaged by diffusive exchange (see, e.g., references
11-13).
A consistent description of the data from the different

positions of chain labeling requires that the parameters
governing the intermolecular motion of the lipid mole-
cules, both long axis rotation and fluctuation, should be
independent of the chain segment position. To do this it is
found necessary to introduce the full set of six distinct
orientations for any spin-labeled segment. In previous
work, on the C-6 segment, it was found sufficient to
include only three orientations, which minimally require
one bond rotation (6). A particularly significant new

result of the present work is that the flexibility gradient is
found to arise not simply from an increase in the gauche
probability, but also from population of the other allowed
orientations (corresponding minimally to two bond rota-
tions), on proceeding to segments closer to the terminal

methyl end of the chain. This study therefore provides
direct experimental evidence for the existence of these
additional conformations in fluid lipid bilayers.

THEORY

Analysis of the ESR spectra of the spin-labeled phospho-
lipid was achieved by using the density matrix formalism,
outlined elsewhere (6). Here we summarize important
features of this treatment and introduce the simulation
parameters. The basis of our model is the stochastic
Liouville equation (14, 15)

p(Q,t) - r.[p(Q,t) - peq(f)], (1)

which we solve using a finite grid point method (16, 17).
Here p(Q,t) represents the spin density matrix and 7P (Q)
is the Hamiltonian superoperator of the spin-labeled
phospholipid, depending on the orientation and conforma-
tion of the molecule, specified by the Euler angles Q. rn is
the time-independent Markov operator for the various
motional processes and pq(Q) is the equilibrium density
matrix.
The model accounts for the entire dynamic range,

including the slow-motional regime, where the conven-
tional Redfield theory (18) no longer applies. The line-
shapes are calculated from a spin Hamiltonian, which
considers Zeeman and hyperfine interactions of nitroxide
radicals, including pseudosecular contributions (19, 20).
No adiabatic approximation is applied.
The Markov operator r1 includes both intermolecular

and intramolecular motions. The intermolecular motion is
the motion of the lipid molecule as a whole. It is assumed
that the diffusion tensor undergoes anisotropic rotational
diffusion within an orienting potential (6, 19). The intra-
molecular motion consists of trans-gauche isomerization,
which is represented by a jump process (6, 21). Employ-
ing established kinetic schemes, outlined elsewhere (6),
the dynamics of the system can thus be characterized by
three correlation times: TRII and TRR for rotation about the
principal diffusion tensor axis and rotation of this axis,
respectively, and rj (average residence time in one confor-
mation) for trans-gauche isomerization.
The equilibrium distribution of the lipid molecules is

described in terms of internal and external coordinates.
The internal part accounts for different conformations
and the external part for different orientations. According
to the isomeric state model (21), there is only a finite
number of conformational states for each nitroxide-
labeled segment. Straight-forward calculation, employing
rotation matrices (23), yields six allowed orientations for
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the magnetic tensor, defined by the NO group of the
oxazolidine ring (see Fig. 1). The Euler angles (PK, OK, 1JK,
characterizing these orientations are listed in Table 1.
The corresponding populations nK (K = 1, 2,... 6), giv-
ing the relative occupation probability of a particular
conformational state, are normalized to unity.

In general, the gauche conformations at a particular
segment are equally populated, corresponding to n2 = n3
and n4 = n5. From the normalization condition we obtain
n6 = 1 - n1 - 2 (n2 + n4). Consequently, there are only
three unknown populations, namely, nl, n2, and n4. They
may be used to set up a segmental order matrix (7) which
in terms of Wigner rotation matrix averages

6

(Dmn nKDmn(soKOK34'K)
K-I

(2)

FIGURE 1 Conformational states of a phospholipid chain (C-1-C-11),
nitroxide-labeled at the C-6 segment. Arrows indicate the orientation of
the nitrogen hyperfine tensor (nitrogen 2p. orbital). According to the
isomeric state model (22), only six distinct orientations, parallel to the
edges of a tetrahedron (see insert), are possible. They are each charac-
terized by a set of Euler angles ePK, OK, 4I1K (K = 1, 2,. .. 6), which relate
the magnetic and order tensor systems (see Fig. 2). The configurations
for the two bonds immediately preceeding and immediately succeeding
the labeled segment are: tttt, tg*tg', g'tg't, and g+g+g+t for the
segmental orientations K 1, K2, 3, K4, 5, and K6, respectively.

can be written as

SK= (3/8)2[(D(?) + (D2)] - (2))
xx= ~(3/8)1/2(DO2 + (DO-2~Y (1/2)(Dof-?

S (D2))

SK-= i(3/8)1/2[(D)(2) -(D(2)]

xz= -(3/8)"2[-(D1)- + (Doi]

-Z= i(3/8) "2[(Do,i½ + (D(fl. (3)
Diagonalization of SK yields the segmental order parame-
ters Szz and Sxx - Syy. They express the ordering of
the most-ordered segmental axis Z', and the anisotropy of
the order, respectively. Within the limits of a completely
disordered segment, all nK are equal to 1/6, resulting in an
order parameter of Sz,z, = 0. At the other extreme, a fully
extended chain is fixed to its all-trans conformation,
where n, equals unity for each segment, and the order
parameter becomes Sz,z, = 1.
The orientational order of the lipid molecules is treated

in the mean-field approximation, using an orienting

TABLE 1 Constant parameters used in the calculation of the ESR spectra of the phospholipid spin-labels 6-DMPCSL,
1O-DMPCSL, and 13-CMPCSL

Residual line-width' Magnetic tensor orientationsi
Hyperfine
tensor g-Tensor* 6-,10-DMPCSL 13-DMPCSL KI K2 K3 K4 K5 K6

mT mT mT
AXKXK = 0.65 gXKXK = 2.0088 (1/T2)41 = 0.125 (1/T2)41 = 0.09 (PI = 00 '2 = -36.70 03 = 72.70 4 = -36.70 f = 72.70 'P6 = -1620

AY,,yK = 0.58 gyKyK= 2.0061 (1/TT2)52 = 0.125 (1/T°2)52 = 0-09 i1 = 0°02 = 600 t3 = -600 t4 =-600 5 = 600 t6 = -900

AZKZK= 3.35 gZKz = 2.0027 (1/T2)63 = 0.125 (1/T2)63 = 0.09 0, = 00 #2 = -72.70 03 - 36.70 #4 = -72.70 05 = 36.70 = -180
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K2

*Diagonal in XK, YK, ZK-
t(1/TT) jj decreases with increasing temperature to a limiting value of (1 /T°)1j = 0.09 mT for 6- and 10-DMPCSL and to a limiting value of (1/T')ij -
0.07 mT for 13-DMPCSL, respectively (6).
Euler angles relating magnetic and diffusion (order) tensor system (see Figs. 1 and 2).
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potential such as is common in molecular theories of
liquid crystals (24). The orientational distribution func-
tion, given elsewhere (6, 7, 25-27), is assumed to be
axially symmetric and depends on only three parameters,
A, bmin, and imaX* The coefficient A characterizes the
orientation of the order tensor axis Z with respect to a

local director z' (net ordering axis), while the parameters
min and bmax specify the orientation of the director axes in
the sample system, defined by the glass plate normal z"
(see Fig. 2). It should be noted, that the orientational
order parameter, Szz, is related to the coefficient A by a

mean value integral (28):

Szz= (1/2)N, fr (3 cos2 I3-1) exp (A cos2 13) sin d,B

1/N, = exp (A cos2 13) sin d,B. (4)

The microorder of the phospholipid molecules is thus
specified by the orientational coefficient A plus the con-

formational populations nl, n2, and n4, while the
macroorder is specified by the values of bmin and bmax,
characterizing the director distribution (6nin < 6 < bm,,)-
In unoriented samples, the director axes z' are randomly

distributed between 6min = 00 and 6max = 1800. In macro-

scopically ordered samples, however, z' may be partially
aligned, assuming a fixed tilt angle (6min = bmax =:6)
relative to the glass plate normal z" (see Fig. 2).

MATERIALS AND METHODS

Materials
Myristic acid labeled on the C-6 atom [2-(4-carboxybutyl)-2-octyl-
4,4-dimethyl-3-oxazolidinyloxyl], the C-10 atom [2-(8-carboxyoctyl)-
2-butyl-4,4-dimethyl-3-oxazolidinyloxyl], or the C-13 atom [2-(1-
carboxyundecyl)-2-methyl-4,4-dimethyl-3-oxazolidinyloxyl] were
prepared from 6-ketomyristic acid, 10-ketomyristic acid, or 1 3-ketomy-
ristic acid, as described elsewhere (2, 29). Spin-labeled dimyristoylphos-
phatidylcholines, 1 -myristoyl-2 [n-(4,4-dimethyloxazolidine-N-
oxyl)myristoyl]-sn-glycero-3-phosphocholines (n-DMPCSL), were
synthesized by the catalyzed acylation of 1-myristoyl-2-lyso-sn-
glycero-3-phosphocholine with the anhydrides of the corresponding
myristic acid spin-label (30). Further details of spin-label preparation
may be found in reference 29. 1,2-Dimyristoyl-sn-glycero-3-phosphati-
dylcholine (DMPC) was purchased from Fluka, Buchs, Switzerland,
and the purity was controlled by thin-layer chromatography. A solvent
mixture containing 75% dichloromethane and 25% methanol (vol/vol)
was used to dissolve both the lipid and the spin-label. The solvents were

magnetic
tensor system

(Xk I Yk, Zk )

|(sPk -' -k'ak)

diffusion (order)
tensor system

(X, Y, Z)

(0, f, 0)

z'=Z

(\ e0, )

director system laboratory system
(x, z') * (C, y, Z)

(0, t, 0)
(e, 6, 0)

x

(0, p, 0)

sample system
(X", yIt, z")

Xit x

FIGURE 2 Notation for coordinate systems and Euler transformations used in the ESR line-shape model. The various coordinate systems are:
Magnetic tensor system XK, YK, ZK (ZK = direction of nitrogen 2p, orbital, XK = N-O bond direction), diffusion (order) tensor system X, Y, Z, (Z =
phospholipid chain axis), laboratory system x, y, z (z = magnetic field direction), director system x', y', z' (z' = net ordering axis of phospholipid
molecules), and sample system x", y", z" (z" - glass plate normal). The coordinate systems are related by Euler transformations, consisting of three
successive rotations. The Euler transformation shown rotates the diffusion tensor system X, Y, Z into the laboratory system x, y, z. The definition of
the Euler angles 4', 0, 1 corresponds to that of Van et al. (41).
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distilled from KOH pellets under nitrogen atmosphere. Dichlorome-
thane was then water saturated. All solutions were prepared immedi-
ately before use. The radical concentration was 0.2 mM, while the lipid
concentration was 0.2 M.

Sample preparation
Typically, 30 of the above solution, corresponding to 5 nmol of
spin-label and 6 ,umol or 4 mg of lipid, was uniformly distributed on the
bottom of an open quartz flat cell by means of a glass micropipet. The
organic solvents were removed by first warming the sample cell over a

waterbath (450C, 1 min) and then placing it under vacuum (0.1 Torr,
250C, 15 min). The cell was then placed in a water-saturated atmo-
sphere (600C, 1 min) and finally closed with a tightly fitting cover. The
amount of water that commonly condensed onto the sample was 10 mg.

The above standard procedure, developed previously (6, 25), yields
macroscopically oriented multilayers of high reproducibility. The qual-
ity of the sample was checked before and after each set of ESR
experiments by recording ESR spectra under the same conditions.

ESR measurements
The ESR measurements were performed on an ER 200D-SRC spec-
trometer (Bruker Instruments) equipped with an X-band microwave
bridge (i = 9.4 GHz), using 100-kHz field modulation. Orientation of
the flat sample cell in the laboratory frame (see Fig. 2) was achieved
with a home-built goniometer. ESR spectra were measured as a function
of temperature and angle p between glass plate normal and magnetic
field direction (see Fig. 2). The temperature control was found to be
stable to ±0.250C. On recording, the spectra were simultaneously
digitized and transferred to an HP 1000 computer for further process-

ing.

Spectral analysis
Fortran programs were employed to analyze the experimental spectra.
The programs calculate ESR line-shapes of flexible nitroxide radicals
undergoing fast, intermediate, and slow inter- and intramolecular
reorientation in an anisotropic medium. On the basis of the Lanczos
algorithm (31) specifically designed computer programs (LANOR 83
and NOROTJUMP 22) were found to yield accurate line-shapes with at
least 10-fold reduction in computing time and computer storage require-
ments compared to the Rutishauser algorithm (32). Typical running
time for one spectrum of the nitroxide radical on an HP 1000 computer
(F series, 1.2 MByte memory) is 30 min for the La phase (1,350 grid
points, rR1 = 25 ns, - 2.5 ns, Tj < 0.1 ns) and 480 min for the Po, and
Lp, phases (3,888 grid points, TR' = TRI > 100 ns, rj = 4 ns).

Table 1 summarizes the constant parameters used in the calculations.
The magnetic parameters were obtained from a detailed analysis of
fast-motional and rigid-limit spectra (6). Note that the residual line
width / T°(isotropic) accounts for unresolved proton hyperfine interac-
tions, omitted in the spin Hamiltonian. No Gaussian convolution was

used in the spectral simulations.
The orientation of the order and diffusion tensor axes is suggested by

the geometry of the spin-labeled lipid. We assume that the order tensor
is axially symmetric along the phospholipid chain axis Z (see Fig. 2).
This assumption, tested by spectral simulations, reflects the overall
shape of the molecule, which is also expected to exhibit axially symmet-

ric rotational diffusion about the Z axis. The magnetic tensor, defined
by the NO group of the oxazolidine ring, may assume six different
orientations, relative to the diffusion tensor (see Fig. 1). The Euler
angles fK, OK, and A,K characterizing these orientations are also listed in
Table 1.

The remaining adjustable parameters, bmin 6,rx A, nl, n2, n4, TRI, TR-,
and Tj are determined by spectral simulations. In general, however, they
need not all be evaluated. A fixed anisotropy ratio of TR±/TRI = 10 has
previously been determined for the intermolecular motion (6), corre-

sponding to the molecular dimensions (equivalent ellipsoid of semi-axes
a/b 6). In macroscopically unoriented samples the director axes are

randomly distributed, and thus, 6,,.i and 6,,.,1 are known. Although this
simplifies the analysis, an unambiguous fit of the remaining simulation
parameters is generally not possible.

In contrast, spectral analysis of macroscopically aligned samples is
unequivocal but more involved. Generally, the simulation parameters
affect the line-shape in different ways. However, reliable determination
of these parameters requires independent variation. Fortunately, in
many cases, the director distribution is separately obtained from the
angular dependence of the spectral splitting. The remaining parameters
A, n1, n2, n4, TRI, and Tj are then evaluated by computer simulation of a
set of seven angular-dependent spectra at any given temperature. An
iterative fit of experimental and simulated line-shapes generally yields
reliable values for all variable parameters.

In some cases, one can extract one motion, which dominates the
line-shape. This is particularly true if the other motions approach either
the fast motion or rigid-limit on the ESR timescale. Hence, in the Lp,
and Pp, phase, where the intermolecular motions are slow, determination
of the jump rates for trans-gauche isomerization can be achieved
unambiguously. In the L. phase, on the other hand, trans-gauche
isomerization is too fast to be detected on the ESR timescale and thus
long axis rotation and fluctuation dominate the dynamic features of the
spectrum.
The particular sensitivity of the angular-dependent nitroxide ESR

line-shapes to the variable parameters, characterizing molecular order
and dynamics, is demonstrated elsewhere (6). It is noteworthy to realize
that spectral parameters such as line intensities or line splittings do in
general not relate to particular dynamic or structural features. Conse-
quently, for systems characterized by slow motions, there is no simple
strategy to elucidate the molecular properties from the spectra.

RESULTS

Macroscopically aligned samples of DMPC multibilayers
were studied over a wide temperature range (20C < T<
500C) using three different phospholipid spin-labels. Typ-
ical ESR spectra, which vary pronouncedly with label
position, temperature and orientation of glass plate nor-
mal and magnetic field, are shown in Figs. 3-5. These
characterize the liquid-crystalline, La (Fig. 3), interme-
diate, Pa, (Fig. 4), and gel, Lp, phases (Fig. 5) of the
phospholipid membrane.

Calculated line-shapes were fitted to the experimental
ones by employing the model outlined above. Note that
exactly the same analysis was done on the ESR spectra as
previously done on the NMR data (7, 33). However, the
optimum parameters from NMR did not fit the ESR
results. Numerous further calculations were then carried
out, allowing for different degrees of structural and
motional freedom (see, e.g., reference 6). Finally, for any
given temperature only a single set of parameters was
found, which faithfully reproduced all experimental spec-
tra. The dotted lines in Figs. 3-5 represent these unique
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FIGURE 3 Comparison of experimental ( ) and simulated (---) ESR spectra of 6-DMPCSL (left column), 10-DMPCSL (center column), and
13-DMPCSL (right column) in oriented bilayers of DMPC in the liquid crystalline phase (T = 400C), as a function of magnetic field orientation p.
Simulation parameters are those given in Tables 1-3 and Figs. 6-8.
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FIGURE 4 Comparison of experimental ( ) and simulated (-- ) ESR spectra of 6-DMPCSL (left column), 1O-DMPCSL (center column), and
13-DMPCSL (right column) in oriented bilayers of DMPC in the intermediate phase (T = 180C), as a function of magnetic field orientation p.
Simulation parameters are those given in Tables 1-3 and Figs. 6-8.
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FIGURE 5 Comparison of experimental ( ) and simulated (---) ESR spectra of 6-DMPCSL (left column), 1O-DMPCSL (center column), and
13-DMPCSL (right column) in oriented bilayers of DMPC in the gel phase (T - 80C), as a function of magnetic field orientation p. Simulation
parameters are those given in Tables 1-3 and Figs. 6-8.

fits, based on the parameters of Tables 1-3 and Figs. 6-8.
The agreement between experimental and calculated
spectra is good. It can be improved slightly by adding
spectra, to account for the <5% of unoriented material.
This relatively low amount justifies the technique
employed for sample preparation (25).

Note the large changes of line-shape and hyperfine
anisotropy with label position for any given temperature.
Whereas spectra of 6-DMPCSL show large anisotropies
and appreciable slow-motional contributions in the L,:
phase, spectra of 10-DMPCSL and 13-DMPCSL exhibit
smaller angular dependence and sharp lines. These exper-
imental features are unequivocal manifestations of the
flexibility gradient and need to be explained in terms of
molecular order and dynamics of the bilayer membrane.
The parameters characterizing the macroorder (i.e.,

director orientation) of the multibilayers (see Table 2)
are found to be the same as in previous studies (6, 25). In
the La phase the director orients parallel to the bilayer
normal, while director axes are uniformly distributed
between bmin = 00 and bmax = 250 in the Pp, phase. In the Lo
phase the director orientation changes again, showing a

fixed tilt angle of imin = bmax = 280.
The temperature dependence of the microorder (orien-

tational and segmental order parameters Szz and Szz)

and the molecular dynamics (motional correlation times
TRR, TRI, and rj) is depicted in Figs. 6-8. For comparison
the corresponding data from 2H-NMR studies (7, 26, 33)
are also plotted in these graphs. In the following we

describe the results in more detail, treating molecular
order and dynamics separately.

Motional correlation times
The correlation times TrR, TR, and Tj refer to chain
rotation about the diffusion tensor axis Z, reorientation of
this axis, and trans-gauche isomerization, respectively.
Logarithmic plots of these correlation times vs. 1/T give
straight lines (see Fig. 6). From the Arrhenius plots we

obtain the activation energies of the various motions,
listed in Table 2.

In the La phase, the correlation times rR' and TR for the
intermolecular lipid motion, determined by ESR, range
from 1.2 to 60 ns, implying that a fast-motional line-shape
theory (18) would be inadequate. The uncertainty in
these correlation times is generally <10%. No dependence
of the intermolecular (long axis) motion on the position of
the spin-label along the phospholipid chain is detected.
Correlation times TRI and TR', obtained with NMR, range
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FIGURE 6 Arrhenius plots of the various correlation times, characterizing the inter- and intramolecular dynamics of DMPC membranes. The left
side (open symbols) shows results from spin-label ESR studies, whereas the right side (solid symbols) represents those from 2H-NMR investigations.
Large triangles and diamonds refer to anisotropic overall reorientation of the phospholipid molecules, i.e., chain fluctuation and chain rotation,
respectively, whereas circles, small triangles, and squares denote trans-gauche isomerization at the C-6, C-i 0, and C- 13 segments, respectively.
Dashed lines indicate different phase transitions (La = liquid crystalline phase, Pp. = intermediate phase, and Le = gel phase).

from 1.1 to 100 ns and do not depend on the label position.
This result is in accordance with the ESR measurements.

Trans-gauche isomerization of the nitroxide-labeled
lipid in the La phase can only be characterized by a

limiting correlation time Tj _< 0.2 ns, since it exhibits no

other effect than fast exchange of the respective confor-
mations on the ESR time scale. In contrast, NMR is able
to evaluate the intramolecular dynamics by T1z relaxa-
tion with correlation times rj ranging from 1 to 16 ps.

Furthermore, a dependence of the trans-gauche isomeri-
zation rate on the label position is detected by NMR,
exhibiting considerably faster motion towards the end of
the phospholipid chain (33).
At the main transition, the correlation times for all

three motions decrease significantly. On the ESR time
scale, TRI and rR, are now in the rigid-limit and cannot be
determined anymore. From 2H-NMR studies of the Pp.
phase, the correlation times for chain rotation and chain
fluctuation are found to range from 500 ns _ TRI - 1,020
ns and from 8 ,ts _ 1R- - 15.5 ,us, practically independent
of 2H label position (7, 33). This is consistent with the
ESR result.

The only dynamic process, affecting the ESR line-
shape in the Py phase, is trans-gauche isomerization with
correlation times Tj of 4.3, 2.0, and 0.5 ns for the C-6,
C-10, and C-13 segment, respectively, at 180C. Indeed
these correlation times can now be determined precisely
from simulations of the ESR line-shape. The maximum
error for the conformational lifetimes is <10%. In com-

parison, correlation times for trans-gauche isomerization
from 2H-NMR experiments are found to be rj = 36 ps,

Tj = 22 ps, and Tj = 14 ps at 180C, respectively (33). It
appears that intramolecular motion of the nitroxide-
labeled lipid is slowed down considerably when compared
to the pure system.

For trans-gauche isomerization, no significant discon-
tinuity in motional rates is found at the pretransition with
either method (ESR or NMR) when the experiment is
performed without prior incubation at OOC for several
days (cf. reference 34). The correlation times Tj of the
nitroxide-labeled lipid amount to 8, 4, and 1 ns for
6-DMPCSL, 10-DMPCSL, and 13-DMPCSL at 80C,
respectively. They are at least two orders of magnitude
slower than those deduced from 2H-NMR studies (33).
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T/ K _

FIGURE 7 Temperature dependence of the orientational order in
DMPC membranes, expressed in terms of chain order parameters Szz,
characterizing the average orientation of the phospholipid molecules
with respect to the director. Open symbols refer to measurements,
employing various ESR spin-labels, while solid symbols denote measure-
ments using 2H-NMR spin-labels. Dashed lines indicate different phase
transitions (L. = liquid crystalline phase, P#. = intermediate phase, L, =
gel phase).

Order parameters
The orientational order parameter Szz of the lipid mole-
cules, determined from the ESR studies, increases with
decreasing temperature from Szz = 0.47 to Szz = 0.59 in
the Le, phase. The values are independent of the spin-label
position along the phospholipid chain.

1.0 1.0

0.8 _ La i Po. LEt 0.8-
C-6

06,C6 0.6 10

tn T ~~~ C-b0 C-13

0.2 C-3 0.2 _L P

0.0 0.0
280 290 300 310 320 330 280 290 300 310 320 330

T K p Tr/ K

FIGURE 8 Temperature dependence of the conformational order in
DMPC membranes, expressed in terms of segmental order parameters
Sz.z, at various chain segments. Sz5z, characterizes the ordering of the
most-ordered segmental axis. The left side (open symbols) shows results
from spin-label ESR studies, whereas the right side (solid symbols)
represents those from 2H-NMR investigations. Circles refer to the C-6
segment, whereas triangles and squares denote the segmental order of
the C- 10 and C- 13 segments, respectively. Dashed lines indicate
different phase transitions (La, = liquid crystalline phase, P#. = interme-
diate phase, L#, = gel phase).

From analysis of biradical ESR and 2H-NMR spectra,
it was found that the system is heterogeneous in the Po,
phase as two different components are observed (7, 25,
26). Appropriate simulation of these components in the
2H-NMR spectra is only possible with different order
parameters of Szz _ 0.6 and Szz _ 0.9, corresponding to
those determined in the La and Lo, phases, respectively.
Consideration of this heterogeneity provides good spectral
fits for the ESR spectra, discussed in this paper. In the Lo,
phase, we observe only a minor temperature dependence
of the chain order parameter Szz, approaching a value
close to unity at T 0°C. Generally, there is good
agreement between orientational order parameters from
spin-label ESR and 2H-NMR studies (see Fig. 7).

This, however, does not apply to the segmental order
parameters Sz,z7 at the various chain positions, although
in both cases the gauche probability increases towards the
end of the chain, resulting in a significant decrease of
Sz,z'. In the La phase (T = 400C), the segmental order
parameters from spin-label ESR are Szz = 0.54, Szz =
0.34, and Sz z = 0.17 at the C-6, C-10, and C-13
segment, respectively. In contrast, 2H-NMR studies yield
substantially higher values at the corresponding positions
(7, 33), namely Sz'z, = 0.74, Szz = 0.56, and Szz = 0.35
(T = 400C). In addition, the segmental order parameters
from 2H-NMR exhibit a more pronounced temperature
dependence than those from ESR (see Fig. 8).

Table 3 summarizes the parameters, characterizing the
order gradient in the La phase, i.e., the conformational
populations nl, n2 . . . n6, the segmental order parameter
Szz, and the orientational order parameter Szz. The
maximum error for both types of order parameters is
generally <6%. The results are compared with a corre-
sponding analysis of the 2H-NMR of DMPC bilayers
labeled at the same methylene segments (7, 33). Inspec-
tion of Table 3 reveals that the parameters governing
orientational order are in good agreement, whereas the
segmental order parameters differ significantly.

Interestingly, Szz,, obtained from spin-label ESR,
remains fairly constant over the whole temperature range
investigated (20C _ T _ 500C). In contrast, 2H-NMR
indicates a discontinuity in S_z at the main transition to
considerably higher values of Szz = 0.95, S_,_ = 0.87,
and Szz = 0.80 for positions 6, 10, and 13, respectively.
No discontinuity is detected at the pretransition, with the
segmental order parameter Szz, approaching values
between 0.9 and 0.98, depending on the position of the 2H
label along the chain (7, 33).

DISCUSSION

This work combines the information obtained from three
different positions of labeling to parameterize a motional
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TABLE 2 Structural and dynamic parameters for the various phases of DMPC bilayers, determined by spin-label ESR

Director distribution* Rotational activation energies$
Phase 6,,, 6,,X Ej (C-6) EJ(C-10) Ej(C- 13) ER1 ERI

kcal/mol
L °00 00 11.8 ± 0.5 11.8 ± 0.5
PS 0° 250 5.3 ± 0.7 4.5 ± 0.7 3.7 ± 0.7
Leg 280 280 5.3 ± 0.7 4.5 ± 0.7 3.7 ± 0.7

*The uncertainty in fixed tilt angles (6,.,,, - 6__) is <50.
*Ej is the activation energy for trans-gauche isomerization of the particular labeled segment; ER1 and ERI refer to fluctuation and rotation of the
phospholipid molecule as a whole.

model which involves both overall lipid reorientation and
segmental chain isomerism. The aim was both to test
previous results obtained with a single chain labeling
position (6) and to provide information on the chain
flexibility gradient. The fact that a consistent description
of the overall lipid motion can be obtained for all positions
of labeling further supports the motional model. It also
further demonstrates the ability to discriminate between
the motional modes by simulation of an extensive angular
dependence and temperature dependence of the spectra
from oriented samples. The temperature dependence
yields activation energies (Table 2) which clearly distin-
guish the intramolecular from the intermolecular motion.
The segmental motion has activation energies which are

comparable to the barrier height for trans-gauche isomer-
ism (1), whereas the activation energies for the overall
lipid motion are two to three times greater. The small
increase in EJ from the C- 13 to the C-6 position most
probably reflects the prevalence of coupled rotations, as

opposed to isolated bond rotations, for the chain segments
closer to the polar group region. The activation energies
for chain rotation (ERI) and for chain fluctuation (ER-)
given in Table 2 are necessarily equal, because of the
constant anisotropy ratio TR!/TRI determined previously

(6). The discrimination between the inter- and intramole-
cular motions is also seen in the temperature dependence
of the order parameters (Figs. 7 and 8), which is much
greater for the intermolecular case. The temperature
dependence of the segmental order parameter is essen-

tially determined by the energy difference between the
trans and gauche conformations of -0.5 kcal/mol (1),
whereas that of the orientational order parameter is
determined by the orientational potential (see Eq. 3).
To obtain a consistent interpretation of the data from

the label positions closer to the terminal methyl end of the
chain, it is necessary to take into account all the distinct
orientations which the nitrogen hyperfine tensor of the
labeled segment may take up. For sp3 bond symmetry,
these correspond to the edges of a tetrahedron, as indi-
cated in Fig. 1. There are 12 distinct orientations in all,
allowing for the two opposing directions along each axis.
But only six need to be considered, since magnetic reso-

nance spectra are not able to distinguish the two sets of
opposing orientations. The first three conformational
orientations in Fig. 1 are generated essentially by a

rotation about only the C-C bond immediately adjacent
to the chain segment. KI has a trans conformation, and
K2, K3 have qauche' conformations, about this bond. In

TABLE 3 The flexibility gradient in the liquid crystalline phase (T= 40WC) of DMPC membranes,
determined by spin-label ESR and deuteron NMR

Spin-label ESR* Deuteron NMR*
Order Populations of Order

Populations of conformational states parameters1 conformational statesil parametersl
Chain
segment n, n2 n3 n4 n5 n6 Szz' Szz nil ny n3 n4w Sz.z Szz

C-6 0.50 0.25 0.25 0.00 0.00 0.00 0.54 0.50 0.80 0.10 0.10 0.00 0.74 0.50
C-10 0.18 0.30 0.30 0.11 0.11 0.00 0.34 0.50 0.66 0.14 0.14 0.06 0.56 0.50
C-13 0.18 0.24 0.24 0.14 0.14 0.06 0.17 0.50 0.51 0.18 0.18 0.13 0.35 0.50

*Data from this study.
*Data from Meier et al. (7) and Mayer et al. (33).
1The numbers denote the six distinct orientations of the nitrogen hyperfine tensor, according to the isomeric state model (22, 23).
IThe segmental order parameter Sz.z expresses the ordering of the most ordered segmental axis Z' with respect to the order tensor axis Z; the
orientational order parameter Szz characterizes the average orientation of Z with respect to the director z' (see Fig. 2).
11The numbers denote the four distinct orientations of deuteron quadrupole coupling tensor, according to the isomeric state model (7, 22).
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the notation of Meraldi and Schlitter (35), the KI, K2,
and K3 configurations correspond to the (t, 00), and
(ga, 600) conformers, where the angle corresponds to the
orientation of the chain segment relative to the initial
trans segments. The second three conformational orienta-
tions in Fig. 1 are generated essentially by rotations about
the two C-C bonds immediately preceding the labeled
chain segment. K4 and K5 correspond to the gauche±-
trans, i.e. (t, 600), combinations, and K6 corresponds to
the gauche'-gauche', i.e. (g+, 900), combination. Addi-
tional gauche rotations have been included in the configu-
rations K2 to K6 simply to maintain approximate linear-
ity of the chain axis. For configurations K2 to K5 these
correspond to classical kink sequences. (The configura-
tions for the two bonds immediately preceeding and
immediately succeeding the labeled segment are: tttt,
tg±tg*, g±tg't and g+g+g+t for the configurations Ki, K2,
3, K4, 5, and K6, respectively.) The six conjugate,
indistinguishable orientations would correspond to the set
(t, 1800), (g±, 1200), (t, 1200), and (g-, 900).
The results of the simulations show that only the first

three configurations (K1-K3), which require only a sin-
gle rotation immediately preceeding the segment, are

appreciably populated at the C-6 segment. At the C-10
segment, the two conformations K4 and K5, which
require rotations about the two bonds immediately pre-

ceding the segment, are additionally populated. Only at
the C- 13 segment is the K6 conformation, which not only
requires two rotations but also requires both to be gauche,
appreciably populated. Thus the flexibility gradient
involves an increasing probability of gauche conforma-
tions on proceeding down the chain from the polar
interface. This is demonstrated by the fact that the
probability for a gauche conformation occurring two
bonds ahead becomes non-zero on going from the C-6 to
the C-10 segment. An additional contribution to the
flexibility gradient is the non-vanishing probability for
adjacent gauche conformations, which occurs only very
close to the terminal methyl end of the chain, i.e., at the
C- 13 segment, here.

Apparently, there is an order or flexibility gradient
along the chains for both the nitroxide- and deuterium-
labeled membranes. Table 3 summarizes the results for
the C-6, C-10, and C- 13 segments, respectively. Note that
the populations nl-n6 and nl-n4' of all conformational
states, accessible at a particular segment, are presented.
Interpretation of these chain segment conformations in
terms of statistical mechanical models is a challenging
theoretical problem (35-38).

Comparison of the ESR and the NMR data reveals
that the spin-label spectra faithfully reflect the overall
motion of the lipid molecules. This is true both for the
intermolecular dynamics (Fig. 6) and for the orienta-
tional order (Fig. 7). The segmental motion is very

different, however, for the spin-labeled and deuterium-
labeled chains (Figs. 6 and 8). Because the nitroxide and
CD-bond axes are differently oriented, they transform
differently with the various chain conformations and
reflect different elements of the conformational order
(7, 39). For this reason, the segmental ordering tensor has
been evaluated in both systems. This then affords a

relatively direct comparison between the two sets of data.
As found previously for the C-6 segment, the segmental
order is considerably lower for the ESR label than for the
NMR label at all three chain positions. The origin of this
difference is almost certainly a local distortion of the
chain conformation at the position of the nitroxide group,

for the same reasons as those advanced in the discussion
of the C-6 data (6, 40). Thus the ESR spectra directly
reflect the motions of the whole molecule, but only
indirectly those of the chain conformations.
Use of oriented samples allows one to specify the

macroorder of the lipid molecules (i.e., director axis
distribution), relative to the bilayer normal. Identical
values are obtained at all label positions in the chain, thus
further substantiating the model used for the spectral
simulation. A fixed tilt is observed in the gel phase, a

distribution of tilt angles is found in the intermediate
phase, and no net tilt is detected in the fluid phase. As
discussed previously (6), these results are quantitatively
in agreement with the values obtained from x-ray diffrac-
tion in the gel and intermediate phases (4, 5). Spin-label
ESR has the additional advantage over x-ray diffraction,
that data may also be obtained from the fluid phase.

CONCLUSIONS

In summary, a consistent description has been obtained of
the ESR spectra from lipids labeled at different positions
in the hydrocarbon chain, using a model which includes
whole-body motions and chain isomerism. To interpret
results from label positions closer to the terminal methyl
group of the chains, it is necessary to introduce the
complete set of six independent orientations of the hyper-
fine tensor, and not simply the three isolated trans and
gauche conformers. All these different conformations are
allowed on theoretical grounds, and the magnetic reso-
nance experiments reported here provide direct evidence
for their presence in fluid lipid bilayers. The overall lipid
motions lie in the slow to intermediate regime of conven-
tional ESR spectroscopy and thus can be characterized
relatively precisely by spectral simulations. These results
are in good agreement with those obtained from 2H-
NMR spectroscopy, for which these motions are in the
fast regime. The segmental motions are sensitive to the
local distorting effect of the nitroxide ring, but nonethe-
less provide an empirical means of characterizing the
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chain flexibility gradient. As in undistorted membrane
systems, there is a strong decrease of the segmental order
on going down the chain from the polar interface. Close to
the terminal methyl end all conformational states of the
nitroxide-labeled segment are almost equally populated,
giving rise to sharp angular-independent ESR lines.
These results are of direct relevance to the interpretation
of spin-label ESR spectra from more complex membrane
systems such as lipid-protein recombinants, and com-
bined with the NMR results provide fundamental data
for the construction of statistical mechanical models of
the lipid bilayer.
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