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Slow-motion ESR study of order and dynamics in oriented lipid
multibilayers: effects of unsaturation and hydration

Leo J. Korstanje, Ernst E. Van Faassen and Yehudi K. Levine

Department of Molecular Biophysics. Buys Ballot Laboratory. Rijksuniversiteit Utrecht, Utrecht (The Netherlands)

(Received 22 November 1988)

Key words: P i ine; Planar

+ ESR: Spin label: Order parameter: Rotational dynamics

Electron spin resonance (ESR) experimenls were carried mn on 3—doxyl Sa-cholestane spin-label (CSL) mulemles

in of
- line (POPC), dioteoylphosphati "
lipids we studied the effects of hyd

Icholine (DMPC), p

(DOPC) and dllmoleoylplmphatldylcholme (DLPC). For these

ion on the ori | order and

rotational motions of the probe molecules in the liquid crystalline phase. The experimental ESR spectra were simulated
by a numerical solution of the sioehastlc Liouville equation (SLE) for the density ma(nx of a spin-label molecule. This

allows ion of detail i

about both mol

order and i i

The data show that, ia

our temperature range, the lipid systems are in the slow-metion regime, thereby precludmg a mohonal narrowmg

ion. This is itl d by a simple model calculanon which shows that a fast-moti
the order We have d our results with data obtained ind dently from angl
solved arizati (AFD) experi on bilayers in which 1-[4-(trimethylammonio)phenyl]-6-

pllenyl-l,a,s-bexnmene (TMA-DPH) molecules were used as ﬂuorescem probes (Demum et al., (1988) Biochemistry

27, 852-860). It is found thai the orientational order and the

d with both techni agree

well. This shows that the probe molecules do not perturb the local bilayer structure to any Iarge extent and that they

indeed reflect the intrinsic b

of the lipid

Upon i in i

we observe

faster reorientational motion and lower molecular ordering. In contrast, we do not !md any sysoemauc effect of

have to be

on i motion. Our results indicate that ch: in

order and

i

concept of membrane fluidity.

Introduction

Much of our knowledge of the structure and dy-
namics of bi b has been ob d from
the study of the properties of model systems, such as
lipid bilayers arranged in vesicles or planar structures.

and are not

as implied by the common

In the liquid crystalline phase, the lipid molecules are
known to lie with their long axes preferentially along
the normal to the bilayer surface and to undergo rapid
lateral diffusion [1]. In view of the strongly anisotropic
behaviour of the lipid molecules, it is necessary to
include both their orientational order parameters and
their rotational diffusion coefficients in any description
of the physical properties of the model membranes.
These quantities can be obtained from *H- and "C-
NMR, ESR and FD studies. The latter techniques.
however, monitor the behaviour of extraneous probe

CSL, 4’.4'-di irofSe-chol 3,2"-oxazoli-
din]-3'-yloxy spin-label; AFD, angl Ived i o
uon SLE. stochastic Liouville equauon DMPC dlmynsloylphmpha-
it DLPC dili OPC dmleoyl-
i POPC,
TMA-DPH, 1-[4-(trimeth ic)phenyl]-6-phenyl-1,3,5-hexa-

triene.
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introduced into the bilayer structure at smail
concentrations. The behaviour of the probe molecules is
taken to reflect that of the surrounding lipids.

An important aspect which determines the informa-
tion content of the expenmenta] technique is ns mmn—
sic ti T I e
this is determined by the anisotropy of the magnetic
interactions (about 10~° s for 2H-NMR, versus 107°
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for ESR), and in FD cxperiments by the lifetime of the
excited state (about 10°°° s).

Opti ly, the rotational i ) ized by a
rotational correlation time 7y, should be studied by a
technique for which 7g = 7;,,. Since in membrane sys-
tems 7, =107'°-10"" 5, ESR and FD techniques are

dynamics of the probe molecules. This was felt to
conflict with current concepts of membrane fluidity.
The hydration of the lipid headgroups is also an
imporiant factor determining the behaviour of the lipid
molecules. It is known from X-ray diffraction studies
that the area per llpld molecule at the bll..yer surface

particularly suitable for studying the dy ics of the
lipid molecules.

Since 7, =1, for ESR, the interpretation of « xperi-
mental data requires a theoretical approach di ‘erent
from that for NMR, where 1y < 7,,. While the latter
can be analyzed in the framework of the Recdfield
Motional Narrowing Approximation [2], the ESR spec-
tral lineshapes in the slow-motion regime (10~° < rg <
1077 s) must be described in terms of the SLE for-
malism [3-6]. Indeed, it has been shown that the two
techniques yield a consistent picture of the orientational
order and rotational dynamics in the bilayer system,
provided the differences in the approach to the analysis
are recognized [6,7).

Unfortunately, the SLE approach to the analysis of
the ESR lineshapes is cumbersome and requires the
application of complex numerical spectral simulation
techniques. Consequently, most studies have made use
of results based on the ption of 1 narrow-

when the 1 rate is d [12,13].
However, only a few studies of the effect of hydration
on molecular order and d have been reported
[14]. Furthermore, little is known about the effects of
increasing insaturation at different hydration of the
lipid headgroups.

We have therefore carried out a comprehensive ESR
saidy of the effects of unsaturation and hydration on
the order and dynamics of oriented bilayers of phos-
phatidylcholines with CSL probe molecules. These ex-
periments were carried out at various temperatures,
T=19-45°C, in the liquid crystalline phase. The ESR
spectra were analyzed in terms of the SLE, affording an
analysis over the whole dynamic range from very slow
motions (g = 107% 5) to very fast motions (7g <« 107
s). In this way, the order parameters and rotational
diffusion coefficients can be obtained from the experi-
mental spectra. Our data show that motions in the

ing. This assumption, as will be shown here, is not
generally valid for lipid bilayer systems in the liquid
crystalline phase.

In this work, we employ the nitroxide spin-label,
CSL. The nitroxide group of CSL is rigidly bound to
the nucleus of the molecule. This is of crucial impor-
tance for the interpretation of the ESR spectra, as the
order and dynamics of the CSL molecule as a whole are
directly reflected in the spectral lineshapes. As CSL is a
spin-label with a large A-tensor anisotropy, the ESR
spectra are optimally sensitive to anisotropy in the

ions of the molecule [8].

We shall show here that the orientational order and
the rotational dynamics obtained with CSL as a probe
molecule agree well with data obtained independently
from AFD experiments. This shows that the probe
molecules do not perturb the local bilayer structure to
any large extent and that they indeed reflect the intrin-
sic behaviour of the lipid molecul,

One of the topics in lipid research is the study of the
effects of unsaturated bonds in the hydrocarbon chains
on ori ional order and rotational motions of the
lipid molecules. Increased unsaturation is known to
reduce the order parameters {9-11]. The effec of un-
saturation on molecular motion, however, is not so well
understood. Earlier studies have reported small in-
creases in molecular mobility upon introduction of un-
saturated bonds in liposomes [10]. However, recent AFD
studies on macroscopically oriented samples [11] have
reported that increased unsateration caused a reduction
of both the order parameters and the reorientational

d systems fall in the slow-motion regime, thus
precluding a motional narrowing interpretation.
The reorientational motions are found to mcrease on
in or I ion, A
reduction in the molecular order in the lipid bilayer
system is observed. Furthermore, the introduction of
unsaturated bonds reduces the molecular ordering. In
contrast, we do not find any systematic effect of un-
on molecular reori iona! motion. This is
in contrast with previous results and supports the
suggestion that a clear distirction must be made be-
tween molecular orientational order and reorientational
dynamics [11,15).

Theory

In ESR experiments, the observed quantity is the
absorbed microwave energy. The molecular orientations
and the molecular dynamics of the ESR probe mole-
cules are reflected in the shape of the absorption spec-
trum. We can cal the spectral linesh from the
magnetization of the sample, which is found from a
statistical average over the magnetic moments of the
probe mclecules. This average can be evaluated from
the spin-density matrix, which gives the statistical
weights of the varicus spin states at a given time. The
general theory of the lineshapes has been described in
detail elsewhere (3,5,6,16] and will only be summarized
here.

The time-evolution of the spin-label density matrix
p(&, t) in the presence of an osciliating microwave fieid




is described by the SLE:

/31 p(R, 1) = = i K (D) + (1), 2(Z, D] = T(0(2. 1) = p(2))

[¢3)

where the Euler angles, £, specify the orientation of the

in-label molecule. The time-ind dent part #(Q)
of the one-particle Hamiltonian is taken to be the sum
of the electronic Zeeman and hyperfine structure term:

H(D) = (B./MHy §(R) 51T A(R)-S ]
where H, is the external static magnetic field and S and
T are the electron and nuclear spin operators, respec-
tively. We quantize these op along the di
of Hy. The small nuclear Zeeman term is neglected in
Eqn. 2. Moreover, we omit the nonsecular terms (that is,
terms proportional to S, or S,) from the Hamiltonian
(Eqn. 2), since their effect on the spectrum is negligible
7.

The microwave field H, () =2Hcoswt is applied
perpendicular to the external Hj, field, and gives rise to
the Hamiltonian e(t):

() =12y, H(S, e +S_e*) 3)

where S, = §, +iS, are the spir-raising and -lowering
The T, induces towards
the equilibrium density matrix p,() and is given by:

IF=Iy+Iy (4a)

where I'g is a pt logical introd:
inh ine broad: into_the spectrum. Its
operation on a spin 1/2 density matrix is defined as:

Plz
Pu P12
rk( ) [ % “
L

The rotational diffusion operator, I,, describes the
conserved flow of the probability density f(£2, t) of
finding a particular orientation, £, at time, #:

d/dtf(R, ) =3/%f(R, )+ T [(R.1)=0 )

We take the rotational diffusion to be a Brownian
diffusion process in the presence of an external poten-
tial, U(R) [3,18,19]:

Ty=M-D(M+1/KT{MU2))] )

where M and D are the angular momentum operator
and the (amsmropxc) diffusion tensor, respacnvely The
scalar b logically describes
the ordering effects of the surrounding lipid molecules
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on the nit-oxide spin-label molecule. It is taken to be
cylindrically symmetric around the director axis, that is:

U(9) =U(B) = ~ kT{ A, Pyicos B)+ A4 Pa(cos £} (72)

and depends only on the angle 8 between the long axis
of the spin-probe and the normai to the bilayer surface.
P, and P, denote Legendre polynomials of order 2 and

Py(cos B) =1/2(3cos’B—1) (o)

Py{cos B) =1/3(35 cos’B — 30 cosB +3) (%)

The normalized angular equilibrium distribution f3(£2)
for U(R) is given by:

; (8) 1 - U KT

/0(9)=/" Do exp(— U(B)/kT) (8a)
artamt [Texp(~U(B)/AT) sin B 4B

with

Tofo(2)=0 (8b)

We take the equilibrium density matrix, p,(2). tc be
{20):

pot@ = i1 n )

st

®
In ESR 2xperiments, the observed quantity is the ab-
sorbed energy, P. In view of the inhomogeneous line
broadening observed in CW ESR, this absorbed energy

P(w) is d to be the Gaussi lation of
power absorption P,(w) from individual spin packages:
P(w) =f_°°mdu'%'ﬁ1,’ expf - 0'/262] P+ o) 10
where the Gaussian broad: o, is a of

variation of the Iocal slauc magneuc field. In compari-
son with the Lc duced via the
relaxation operator, Iy, thc effect of this Gaussian
broad: is less d in the wings of the
absorption lines. Apart {rom this detail, 7; and 9% have
largely similar effects and are interchangeable in this
sense. A fit in the absence of Gaussian broadening
would resuit in lower values of 7, with essentially
identical vziues of diffusion rates and order parameters.
Per cycle and unit volume, P, is given by [21]:

/w dH,
P(u)~wfz/—M(l) (l)

dr an

The magnetization density, M,(z) can be evaluated
from the solution p(£2, ¢) of Eqn. 1:

M (1) =i, [ Trlp(2. 051/ (@) 42 az

where n stands for the spin-label density.
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The SLE can be solved by a variety of methods
[22--26]. We have employed the method of Freed and
co-workers [27], where the solution of p(£, t) is found
by a Laplace transformation of the time-variable to
frequency space and the decomposition of the angular
dependence in Wigner rotation matrices DX, (®). The
resulting matrix equation can be efficiently solved by
application of the Lanczos algorithm [27,28]. Numeri-
cally stable results were obtained with the following
subset of Wigner rotation matrices: 0 < L <10, L even;
—4<n<4 neven;and —2<m<2.

To gain insight into the merits of the procedure
described above it is instructive to compare the values
for the order parameter (P,) obtained from the SLE
solution with values extracted from a motional narrow-
ing analysis. For a given, realistic set of parameters, we
stimulated spectra for several values of the potential
parameter A, (with A, = 0) over a wide range of diffu-
sion rates. The exact resuit (P, ), depends on the poten-
tial parameter A, only, and is given by the average of
the s d-order Legendre pol. ial, P,(cos B) as:

(B [ deos BLB) Prfcos B) an

In contrast, the motional narrowing expression (P, )

is given by [29):

I A — 4, (14
MmN A

Here A_, is the z component of the hyperfine tensor
used in the simulations. 4, and A4,,=1/3(4, +24,)
are found from the line-splittings 4, and A, of the
simulated spectra at # =0 and 90°, respectively, Here 6

08 ©
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Fig. 1. Dilfusi of the order (Py)mn

( ). This quantity is calculated from simulated ESR spectra
using the motional narrowing assumption (see. Eqn. 14). The molecule
is assumed to be axially symmetric with diffusion rates D, =D and
D, :=SD. The potential parameters (A,, A4) are in ascending order:
a=(1.0), b=(2.0), c=(4.0). The exact order parameters, {P;),
are independent of D and are given by Dlim {PyYpn (———).
-

is the angle between the macroscopic director, 7, of the
samplie and iie siatic magnetic field, H,. Fiz. 1 clearly
shows that the motional narrowing assumption is accu-
rate for large rotational diffusion coeificients, D.

lim {Pr)mn = (Pr)e as)
Do

but seriously overestimates the molecular order for slow
diffusion rates (D < 10® rad*-s~'). As expected, this
effect is more pronounced in systems with low molecu-
lar ordering. Clearly, the motional narrowing interpreta-
tion cannot be used for the lipid bilayer systems under
s!udy, where we find (P,) =0.4-0.7 and D ~10"-10%
rad?-

Fmally, we note that the order parameter, (P,), is
defined as:

(Py= [ deos Bfo(8) Pateos B) a6

Materials and Methods

DMPC, POPC, DOPC, and DLPC were purchased
from Sigma (St. Louis, MO, U.S.A.) and used without
further purification. The spin-label CSL was bought
from Aldrich Chemical Company (Milwaukee, WI,
U.S.A.). The purity of the lipids and the spin-label was
checked when necessary by high-performance thin-layer
chromatography (HPTLC).

In all our experiments, a CSL concentration of 1
mol% was used. At this concentration, the spin-spin

between individual CSL molecules are ex-
pected [30] to produce h line broadening of
approx. 0.5 G. This value is comfortably exceeded by
the bined effect of L ian and G ian broad-

ening of approx 1.5 G.

Sample preparation
The lipid/CSL mixtures were prepared by dissolving
the components in chioroform. After mixing, the chlo-
mform was removed undel vacuum. Equilibration over
K,SO, soh ided lipid/CSL mix-
tures with a water content of 24 wit%. Samples with 12
wit% were derived from this by subsequent equilibration
over a saturated sodium acetate (CH;COONay) solution.
The equilibration time was longer than 16 h. The result-
ing water concentration was determined gravimetrically
with an estimated relative uncertainty of 10%. The
hydrated lipid material was oriented between glass plates
(0.2 X 4 X 8 mm) by application of shear pressure, lead-
ing to stacks of about a thousand bilayers. The macro-
scopic alignment was checked optically with a polariz-
ing microscope equipped with a first-order red plate.
Four to six individual samples were stacked in order to
improve the signal-to-noise ratio.




‘The samples were kept in the dark under a mtrogen
here as much as ible. The pol;

lipids, DOPC and DLPC, were manipulated strictly
under nitrogen atmosphere to avoid oxidation of the
unsaturated bonds. In spite of the fact that the method
of preparation could not completely eliminate the pres-
ence of oxygen, even DLPC samples had signal losses of
less than 5% over a period of 4 days, indicating
negligibly slow oxidation of the unsaturated bonds.

ESR experiments
ESR experiments were carried out using a Varian E-9
X-band spectrometer equipped with a TM110 cavity.
The sample was placed m a quartz tube above a
salt solution to in the water concentra-
tion and in a nitrogen atmosphere to prevent oxidation.
The salt solution, at the bottom of the tube, was placed
well away from the active region of the cavity. The
sample temperature was regulated within 1°C with a
Varian V4540 variable temperatur: accessory and mea-
sured by a copper-constantan -hermocouple placed
above the sample, just outside the active region of the
cavity. The orientation of the sample director relative to
the applied static magnetic field was varied using a
home-built goniometer with an accuracy of +1°. ESR
spectra were recorded at a microwave power level of
1-2 mW, well below saturation. A magnetic field mod-
ulation of 1 G (top-top) with a frequency of 100 kHz
was used to detect the derivative of the absorption
signal. The background ESR signal, arising from the
quartz tube and the glass plates, was subtracted from
the measurements before analysis.

Results and Discussion

Experiments on oriented lipid multibilayer systems
of DMPC, POPC, DOPC and DLPC were carried out
in the temperature range of 35-45°C for DMPC and
19-45°C for the other lipids, well above the gel-liquid
crystalline phase transition, and at two different water
concentrations of 12 and 24 wt%.

The ic probe molecule used through
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the magnetic tensors, g and A, are assumed 1o coincide
and have a diagonal form in the CSL reference frame.
The right-handed reference frame is chosen with the x
axis oriented along the N-O bond, the v axis oriented
along the 2p-7 orbital of the nitrogen and the z axis
oriented along the long molecular axis.

Approximate values of the hyperfine constants were
obtained from the simulation of rigid-limit spectra of
ordered systems at —~25°C. In the liquid crystalline
phase the quality of the simulations of experimental
spectra was significantly improved on using slightly
adjusted values (within 5%) of the hyperfine constants.
For DMPC, POPC and DOPC, good fits were obtained
with A =diag (5.6, 34.0, 5.3). For DLPC, however,
these hyperfine is did not yielG satisf: y fits,
and 4= diag(5,6, 32.4, 5.6) was used instead. We feel
that this adjustment might be related to the tendency
for phase separation in DLPC (see below). In contrast,
the gy ic tensor g was ob d from Dammers,
Ref. 16, and kept unchanged thronghout the simula-
tions: g = diag(2.0081, 2.0024, 2.0061). Similasly, the
isotropic spin—spin relaxation time 73 =2-10"" s was
taken to be constant.

With this procedure. the adjustable parameters used
for fitting were the rotational diffusion coefficients, D,
and D, ; the parameters, A, and 7\4, of the ordering

ial;and the G i og. For every
sample and temperature ESR spectra were recorded at
four different orientations of the sample, i.c., =0, 30,
60 and 90°, respectively, where 8 is the angle between
the macroscopic director to the sample and the static
magnetic field, Hy. This procedure avoids the ambigui-
ties reported previously [36] which arise from the fit Df
the spectrum at only a single orientation. The scasitivity
of the fits was improved by simultaneous fitting of
spectra at intermediate angles, 8= 30 and 60°C, and,
in particular, the value of A, could be determined more
accurately. The quality of a fit was judged visually.

We estimate that the values obtained of the model
parameters are reliable within the following bounds: A,
5%, Aq 30%, D, 30%, D, 25% and o5 10%. The fitting

was CSL. This is a rigid molecule of well-known geo-
metrical structure {31]. In the liquid crystalline phase,
the average orientation of the long axis of the CSL
molecule is perpendicular to the bilayer plane [32-34].
The rigidity allows identification of the orientation of
the paramagnetic centre with that of the probe as a
whole, which is of crucial importance for the interpreta-
tion of the ESR spectra [35]. In view of the geometrical
form of the molecule, its rotational diffusion in the

is to be cylindrically symmetric,
with a rotational diffusion tensor of the form D=
diag(D, , D, , D), where D, and D, are the diffusion
rates for rotation around the long molecular axis and
rotation of that axis, respectively. The principal axes of

were found to be essentially independent of
each other: changing one of them could not be com-
pensated by a vananun of lhc other parameters. The
quality of a rep lation can be
from Fig. 2.

The temperature-dependence of the ordering and
dynamics of the CSL probe molecules in the different
lipid systems at a water concentration of 24 wt% are
summarized in Table I. All the lipid systems studied
here showed an increase of the diffusion parameters,
D, and D,, by a factor of 2-4 on increasing the
temperature from 20 to 45°C. This relatively strong
temperature-dependence confirms earlier results
[6,37,38]. Moreover, the order of magnitude of D, and
D, indicates that a motional narrowing analysis of

3
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106

Fig. 2. Experimental ( ) and simulated ¢ - — —) ESR spectra

of CSL in DOPC multibilayers for varions angles between the static

magnetic field and the director to the bilayer surface at a resonance

frequency of 9.0 GHz. The temperare is 35° C, the water content 24

wt%. The fitting parameters are: D, = 3-10° rad®s™", D, =4.107
rad?-s”1, A, =23, A,=01and 05=10G.

these spectra is not justified. Experiments on fully hy-
drated oriented lipid multibilayer systems [6] and on
vesicle- and liposome systems (Korstanje et al., unpub-
lished data) show that the slow-motion analysis is ap-
propriate to all the fluid phases of bilayer systems and
is not simply a consequence of the hydration levels used
here.

For the ratio N=D, /D, , we find values which are
within a factor of 3 of the-value of N =4.7 expected
from the geometry of the CSL molecuie [39]. Compara-
ble values of N for CSL in lipid bilayers were reported
by Schindler and Seelig [40) and Meirovitch and Freed
{41]. However, substantially larger values for N have
also been reported [42,43]. We have found that high
values of N, N = 40-50, are compatible with an analy-

TABLE I

sis of the spectrum at a single orientation, i.e., §=0°.
This is in agreement with Koole et al. [36]. However, if
the spectra obtained at other sample orientations are
inciuded in the analysis, then substantially lower N
values are niceded to provide satisfactory fits. We con-
clude that reliable values of the diffusion constants can
only be ob d from angls ived ESR

Turning to the order parameters, we find a gradual
decrease of (P,) and (P,) with increasing temperature.
Qualitatively, the same picture arises at the lower water
concentration of 12 wt%, an exception being DLPC.
The latter displays a phase separation into ordered and
disordered domains at this low water concentration,
thus precluding an interpretation of such ESR spectra
within our current model.

The order parameters and diffusion coefficients ob-
tained here from ESR experiments can be compared
with previous results from AFD experiments on ori-
ented bilayers [11], in which TMA-DPH molecules were
used as fluorescent probes. These molecules behave
analogmlsly to the CSL molecules as they are also

d to be anch t the polar head,

of the phosphohplds [44]. The AFD experiments wele
analyzed with the same diffusion mechanism for re-
orientationai moiion so that a dzect conaparison of
both the order parameters and the -iiffusion coefficients
could be made. As shown in Tatie II, the agreement
b the two app hes is satisf: y for the order
parameters, and within the estimated uncertainties for
the diffusion rates. (Note, however, that only the diffu-
sion coefficient D, can be determined for the TMA-
DPH molecules.) It indicates that, in spite of their
vastly different chemical composition, both types of
probe molecul d similar i with the
surrounding lipid matrix.

Table 111 shows the effect of hydration on the param-
eters determined from our ESR experiments. An in-

Best fit parameters for molecular ordering and dynamics of CSL in oriented multibilayers of different lipids with 24 wt% of water
N is de‘ined as D, /D, , while {Py) and ( P;) were calculated from A, and A, using Eqns. 13 and 16. The quality of the fits was judged visually.

Estimated uncertainties: og 10%, A, 5%, Aq 0%, D, 30% and D, 25%.

Lipid T(°C) oG (G) Ay Ay D, (10° rad®s™") D, (10® rad®s™%) N (P) (Py)
DMPC 35 13 33 00 20 0.34 59 0.64 0.28
a5 12 29 00 5.0 0.90 56 059 024
POPC 19 14 32 00 12 017 71 0.63 0.27
35 12 30 0.0 25 0.45 56 061 0.25
45 11 28 00 35 0.60 58 0.58 022
DOPC 21 12 25 00 15 0.23 65 052 0.18
35 10 23 01 30 0.40 75 051 018
45 10 20 02 50 0.50 10 0.46 0.16
DLPC 2 10 21 03 14 020 10 0.50 0.20
35 09 18 04 24 028 86 0.45 0.18
45 08 16 05 35 035 10 041 017




TABLE 11

23

Comparison of results from ESR and AFD experiments an oriented lipid multibilayers

The results from the AFD experiments, using TMA-DPH as a probe molecule, were obtained from Deinum et al. [11]. The water concentration was
24 wi% throughout. (Comparison with D, is not possible, since the latter cannot be obtained from the AFD experiments.)

Lipid Experiment T(°C) Ay Aa D, (10" rad®s™ 1) (P) (Py)
DM#C ESR 35 33 00 034 064 028
DMPC AFD 35 322 0.07 034 0.64 0.29
POPC ESR 19 32 00 017 0.63 027
POPC AFD 21 296 053 012 0.66 0.35
DOPC ESR 21 23 00 0.23 0.52 0.18
DOPC AFD 21 241 0.18 028 0.54 021
DLPC ESR 2 21 03 0.20 0.50 €20
DLPC AFD 21 218 0.73 0.22 0.57 029

crease in the water content induces a decrease in the
ordering of the sample and increases the mobility of the
probe. Similar trends were observed in AFD exp:.ri-
ments on egg PC multibilayers [14].

Similarly, an increase in the unsaturation of the
hydrocarbon chains of the lipids results in a clear
decrease in the order parameters (P,) and (P,) (see
Fig. 3). This trend is found under all our experimental
conditions, in agreement with nrevions studies [9,38].
We find no evidence for an anomalously low ordering
of DOPC bilayers, as reported from AFD studies with
DPH fluorescent probes [11].

In marked contrast with the effecis of temperature
and we find no ic effect of increas-
ing unsaturation on the rotational diffusion rates. This
is b d by recent experi in vesicle- and
lip systems (K et al., unpublished data),
and conflicts with the recent results of Kusumi and
Pasenkiewicz-Gierula [45]. These authors have reported
strong effects of alkyl chain length and unsaturation on

TABLE III

the diffusion constants obtained from a fast-motion
analysis of liposome systems.
Our results indicate that changes in membrane

ort
o6l &\k@ ]
< —
o
sl
20 30 40 50
TEMPERATURE (T)

Fig. 3. Teraperature-dependence of (P;) for lipids with a varying
degree of unsaturation at a hydration rate of 24 wi%. Lipids are: 00,
DMPC; o, POPC: §, DOPC; a, DLPC.

Effect of hydration on the order and dynamics of CSL in oriented multibilayers of lipids with a varying degree of unsaturation at a temperature of 45°C
Estimated uncentainties: water concn. 10%, og 10%, A, 5%, A, 30%, D, 30% and D, 25%.

Lipid Water concn. (wt%) oG (G) A, Aa D, (10% rad?.s71) D, (10%rad?s™'y N (P (P
DMPC 24 12 29 00 50 0.90 56 059 024
12 11 36 00 24 0.16 15 068 032
POPC 24 11 28 00 35 0.60 58 058 022
12 10 30 00 30 0.40 75 061 025
DOPC 24 10 20 02 50 0.50 10 046 016
12 09 18 05 20 0.30 67 046 020
DLPC 24 08 16 05 35 035 10 041 017
12 - - - - _ a

® DLPC showed a phase separation at the lower water

of the ESR spectra within our current model.
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molecular order and reorientational dynamics have to
be idered ly and are not ily corre-
lated. as implied by the concept of membrane fluidity
[46,47).

Conclusions

Simulation of CSL spectra has shown that the sto-
chastic Liouville formul with slow tum-
bling yields a satisfactory description of CW ESR spec-
tra in phospholipid bilayers in the liquid crystalline
phase. This allows us to obtain both the order parame-
ters and the rotational diffusion coefficients of the
bilayer systems. From these values it is clear that we are
in the slow-motion regime and that a motional narrow-
ing interpretation may not be used for our systems.
Moreover, we have shown that reliable values of the
diffusion rates can only be obtained by a simultaneous
fit of spectra obtained at different orientations of the
sample relative to the applied magnetic field.

We have shown that the orientational order and the
rotational dynamics obtained with CSL in planar lipid
multibilayers agree well with data obtained indepen-
dently from AFD experiments on planar lipid systems
with TMA-DPH molecules as fluorescent probes. This
shows that the probe molecules do not perturb the local
bilayer structure to any large extent and that they
indeed reflect the intrinsic behaviour of the lipid mole-
cules,

For a given phospholipid sample, we confirm the
general trend that faster reorientational motion is asso-
ciated with lower directional order in the system (and
vice versa) under changes in temperature and water
content.

In contrast to the clear decrease in the order parame-
ters upon an increase of the number of unsaturated
bonds, we find no systematic effect on the rotational
mobility of the paramagnetic probe molecules in the
liquid crystalline phase.

Tacnl
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