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The quadrupolar spin-lattice (T)) relaxation of deuterium labeled phospholipid bilayers has befn
investigated at a resonance frequency of 54.4 MHz. T, measurements are reported for multilamellar
dispersions, single bilayer vesicles, and chloroform/methanol solutions of 1,2-dipalmitoyl-sn -glycero-3-
phosphocholine (DPPC), selectively deuterated at ten different positions in each of the fatty acyl chains
and at the sn-3 carbon of the glycerol backbone. At all segment positions investigated, the T relaxation
times of the multilamellar and vesicle samples of DPPC were found to be similar. The profiles of the
spin-lattice relaxation rate (1/T)) as a function of the deuterated chain segment position resemble the
previously determined order profiles [A. Seelig and J. Seelig, Biochem. 13, 4839 (1974)]. In particular,
the relaxation rates are approximately constant over the first part of the fatty acyl chains (carbon
segments C3—C9), then decreasing in the central region of the bilayer. In chloroform/methanol solution,
by contrast, the relaxation rates decrease continuously from the glycerol backbone region to the chain
terminal methyl groups. The contributions from molecular order and motion to the T, relaxation rates
have been evaluated and correlation time profiles derived as a function of chain position. The results
suggest that the motions of the various methylene segments are correlated in the first part of the fatty
acyl chains (C3-C9), occurring at frequencies up to 1/7.~10"°Hz. Beyond C9, the rate and amplitude of
the chain segmental motions increase, approaching that of simple paraffinic liquids in the central region of
the bilayer (1/7.~ 10''Hz). The T relaxation rates of multilamellar dispersions of 1,2-dioleoyl-sn -glycero-
3-phosphocholine (DOPC) deuterated at the 9, 10 double bond of the sn-2 chain were also determined
and found to be significantly faster than those of the CD, chain segments of DPPC bilayers. This is most
likely due to the larger size and correspondingly slower motion of the chain segment containing the double
bond. At segments close to the lipid-water interface the rate of motion is considerably less than in the

hydrocarbon region of the bilayer.

1. INTRODUCTION

An understanding of the conformation and dynamic
state of lipid bilayers is of interest from both a physical
and a biological perspective. Two experimental systems
have been studied extensively: multilamellar dispersions
of phospholipids in water' and suspensions of small, sin-
gle bilayer vesicles formed by sonication.? From a phys-
ical point of view, lipid bilayers are interesting in that
they share a number of features in common with liquid
crystals and have been the focus of recent efforts to ex-
plain the ordering and phase transitions of smectic meso-
phases.’=® In biological systems, lipids are found pri-
marily as constituents of cell membrances. Consequent-
ly, studies of model bilayers and their interaction with
anesthetics,® ! ions,'*"!* cholesterol,*=*® and pro-
teins'®2* may be helpful in elucidating certain aspects
of cellular function.

In analyzing the physical properties of bilayer mem-
brances one must differentiate between (i) the ordering

Awork supported by Grant 3.008. 76 from the Swiss National
Science Foundation and by the Sandoz Foundation for the Pro-
motion of Biomedical Sciences.

P'postdoctoral fellow of the U. S. National Institute of General
Medical Sciences. Present address: Department of Chemis-
try, University of California, Berkeley, CA 94720,

©To whom correspondence should be addressed.

J. Chem. Phys. 70(11}, 1 Jun. 1979

0021-9606/79/115045-09$01.00

of the phospholipid molecules, i.e., the time averaged
orientation and amplitude of the angular excursions of
particular groups within the hydrocarbon chains and the
head group region and (ii) the rate of motion of the vari-
ous segments. Both of these quantities are accessible
to study using NMR methods. The degree of motional
averaging of various static interactions provides infor-
mation related to the average molecular conformation,
while analysis of the nuclear relaxation rates will estab-
lish the time scale of the molecular motions. A method
which has proven fruitful in these respects is deuterium
NMR.?*2¢ The residual quadrupole splittings of selec-
tively deuterated lipid bilayers can be simply related to
the order parameters of the various flexible molecular
segments and have been the subject of a number of re-
cent studies.’™ The dynamic information obtainable
from deuterium relaxation time measurements, how-
ever, has not yet been systematically investigated in
studies of lipid bilayers.

The purpose of this paper is to present some recently
obtained spin-lattice (7)) relaxation time data for phos-
pholipid bilayers that have been selectively deuterated
at a number of different segment positions and to dis-
cuss the results in terms of molecular motion. The
problem of the fatty acyl chain motion in phospholipid
bilayers has been investigated by a number of work-
ers. % However, progress in this area has been ham-
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pered by at least two factors: (i) the lack of well-defined
experimental data regarding the dependence of T, on the
chain segment position and (ii) the lack of an appropriate
theoretical analysis of the 7T, data in terms of the chain
ordering and rate of motion. The most complete 7, data
obtained to date are from carbon-13 NMR studies,’™?®
but even in this case the information is not sufficient to
unambiguously define the nature of the chain mobility.
This is parily because individual resonances can be re-
solved in natural abundance carbon-13 NMR spectra only
from those carbons near the beginning or end of the fatty
acyl chains, so that isotopic labeling procedures are
necessary. This has been attempted in only one in-
stance.’® As a result, the interpretation of the presently
available NMR relaxation data has remained problematic
and has led to a number of rather complex models, %

We have adopted a somewhat different approach and
have analyzed the more extensive deuterium T, data in
terms of a simple stochastic model for the motion of in-
dividual chain segments in lipid bilayers. Using our ap-
proach, we are able to quantitatively assess the depen-
dence of the relaxation rates on order and thereby deter-
mine rotational correlation time profiles as a function
of chain segment position. We find that the rate of mo-
tion, rather than the ordering, is the dominant factor
determining the relaxation of the systems studied here.
In this article, we discuss the motional profile in the
hydrocarbon region of phospholipid bilayers and compare
it to the previously determined profiles of the deuterium
order parameter as a function of chain position, We are
also able to provide information regarding the behavior
of segments close to the aqueous interface of lipid bi-
layers, and on the motional state of lipids in organic
sclution compared to unsonicated multilamellar disper-
sions and sonicated vesicles.

Il. ANALYSIS OF DEUTERIUM RELAXATION
IN LIPID BILAYERS

The relaxation pathway of deuterium is primarily de-
termined by the quadrupolar interaction, which is gen-
erally much stronger than the dipolar coupling involving
adjacent nuclei., The quadrupolar relaxation mechanism
is intramolecular and due to rotational reorientation of
the molecule-fixed electric field gradient tensor with re-
spect to the applied magnetic field. For aliphatic car-
bon—deuterium bonds, which are considered here, the
field gradient is approximately axially symmetric about
the bond axis. 26

In ordered systems such as lipid bilayers, molecular
motions are restricted and the quadrupolar interaction
is not averaged over all space, In such cases, the in-
teraction Hamiltonian is most usefully separated into its
time averaged and fluctuating components

3o (#) =g +3a (8) 1)

The time averaged Hamiltonian T, is related to the re-
sidual deuterium quadrupole splitting, while the fluctuat-
ing part 3C(#) produces relaxation. In isotropic or an-
isotropic solutions ¥, is zero (no quadrupole splitting ob-
servable) and consequently the entire quadrupolar Hamil-
tonian contributes to the relaxation. In ordered systems
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¥, retains some finite value and the fluctuating part is
correspondingly reduced.

In general, the relaxation in lipid bilayers will depend
on at least three parameters: (i) the correlation time(s)
for the molecular motion, (ii) the order parameter(s)
characterizing the extent of restriction of the molecular
fluctuations, and (iii) the orientation of the normal to
the lipid bilayer surface (known as the director, an axis
of rotational symmetry) with respect to the applied mag-
netic field. In grder to quantitatively analyze the deu-
terium spin~lattice (T;) relaxation times, we have used
the following approach. The spin-lattice relaxation rate,
1/74’1, of a spin one system such as deuterium is given
by*

Tilz W +2W, , (2)
where W, and W, are the transition probabilities for the
|0y~ |+1) and | — 1)~ | +1) spin transitions. Strictly
speaking, Eq. (2) is correct only for degenerate transi-
tions and we have therefore neglected any small shifts
of the magnetic energy levels due to the residual quadru-
polar interaction. The transition probabilities depend
on the strength of the fluctuating quadrupolar interaction
near the resonance frequency w, and at 2w,. For the
present, we have employed a relatively simple motional
model, in which the carbon~deuterium bond vector is
assumed to undergo statistically random fluctuations of
limited amplitude with respect to the bilayer normal,
We assume (i) that the autocorrelation function for the
carbon-deuterium bond fluctuations giving rise to the

T, relaxation decays with a single exponential time con-
stant 7., i.e., we neglect any anisotropy in the rate of
motion of individual chain segments and (ii) that these
motions fall into the extreme narrowing limit (w8t 1).
With these assumptions the transition probabilities W,,
are given by*

Win :;;25 <2 [3c o (8| m) [P, (3a)
:ﬁ%ﬂ(lmo(ﬂ—mlm)ﬁ}a (30)
AT - e m e @)

It is through 3¢, (£) that the ordering of the system en-
ters into the relaxation time expressions. For lipid bi-
layers 3, depends on both the director orientation and
the order parameter of the carbon—deuterium bond, de-
fined by

SCD:%(s cos?B(#) - 1) s (4)

where B(f) is the time dependent angle between the car-
bon—deuterium bond vector and the bilayer normal. In
evaluating Eqs. (3) we have made use of standard pro-
cedures for the analysis of relaxation in liquid crystals,*
that is, representation of the quadrupolar Hamiltonian
JCé(t) using irreducible tensors and performing the ap-
propriate coordinate transformations by means of Wig-
ner rotation matrices.'® After some lengthy algebra,
the following expression for the spin-lattice relaxation
time is obtained

5
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1 3/e?yQ¥
Fl=§(_;g) [1-ScpSs = SEp(l —Sp)l7e . (5)
In the above equation (¢2¢Q/k) denotes the static quadru-
pole coupling constant (170 kHz for carbon-deuterium
bonds?¢) and Sz is a macroscopic orientation factor given
by

Sp =3(3cos?p’ -1), (6)

where B’ is the angle between the bilayer normal and the
magnetic field.

The deuterium NMR spectra observed from unoriented
multilamellar dispersions correspond to a random dis-
tribution of director orientations and consequently Eq.
(5) predicts that T, will vary across the spectrum ac-
cording to the factor S;. However, the predominant
features of the powder-type spectra are the sharp edges
corresponding to domains where the director is oriented
perpendicularly to the magnetic field (8' =90°, Sy =—-13).
Thus, in terms of our motional model, the spin-lattice
relaxation rate for multilamellar dispersions is given by

1 3 ez 2
(3) U= @ +t5eo - 3520, @
1/pea

For the case of small, single-bilayer vesicles, the time
average of the quadrupolar Hamiltonian over the rapid
internal motions, namely 3, is further modulated by
the relatively slow vesicle tumbling (7,2~ 107® sec), lead-
ing to motional averaging of the deuterium powder pat-
tern to a single Lorentzian spectral line,?® Since the
rate of vesicle tumbling is still much faster than the T
relaxation times, which are in the msec time range, S,
is averaged to zero and the relaxation rate is given by?®

The above formula [Eq. (8)] has been used previously
for bilayers of potassium palmitate by Davis and co-
workers.'” A more comprehensive account of deuterium
relaxation in lipid bilayers based on the density matrix
formalism is given elsewhere.%

1. EXPERIMENTAL

Selectively deuterated 1, 2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC)* and 1, 2-dioeloyl -sn-glycero-
3-phosphocholine (DOPC) were a gift of A. Seelig,?%
The multilamellar samples were prepared by dispersal
of approximately 20-100 mg of phospholipid in water
containing 10"* M EDTA at a concentration of 50 wt.%.
Since the relaxation rates investigated are short and no
differences were noted between samples that were argon
purged and those containing atmospheric oxygen, we did
not routinely deoxygenate the samples. Single walled
vesicles were prepared by sonication of approximately
10~20 mg of phospholipid in 0, 5 ml of water containing
10™* EDTA, under a nitrogen atmosphere, using a Bran-
son B-12 sonifier equipped with a microtip. The sam-
ples were maintained in a water bath at 50 °C during
sonication and were never allowed to cool below the gel
to liquid crystalline phase transition temperature (41 °C)
for the duration of the experiments, After use the sam-
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ples gave single spots upon thin layer chromatography
in chloroform/methanol/water (65:35:4).

The NMR studies employed an 8. 32 T Oxford Instru-
ments cryomagnet {deutérium frequency 54.4 MHz),
with standard Bruker pulse hardware interfaced to an
in-house computer system., The T, relaxation times of
DPPC dissolved in 9:1 chloroform/methanol were mea-
sured by the standard inversion recovery pulse method
(180°-7-90°). In all cases complete signal inversion
was observed. The T) relaxation times of the multi-
lamellar and vesicle samples were measured by the pro-
gressive saturation method (90°-7-90°), using the Fou-
rier transform of either the normal free induction decay
or the second half of the quadrupolar echo®® to establish
the decay rates. No homospoil pulses were used be-
tween successive 90° pulses, since for these systems
T, << Ty. In most instances it was possible to observe
complete resonance saturation within the signal to noise
level of the spectra. The pulse angles were carefully
adjusted using the free induction decay of D,O. A 90°
pulse was generally found to be about 4 usec in duration.

The major sources of systematic error in determining
T,using the progressive saturation method are (i) errors
in the pulse (flip) angle and (ii) errors in determination
of the infinity magnetizations used to analyze the decay
rates. The latter problem can be minimized by curve
fitting the exponential recovery curves rather than the
first order decay plots; however, for the present case
we have generally determined 4-5 infinity values and
used their average in determining 7 from plots of
In(My ~ M,) vs 7 in the customary manner. A weighting
factor of (M, -~ M, was used in the least squares fitting
procedure to properly account for the nonlinear instru-
mental error., We have minimized pulse angle errors
by adjusting the pulse frequency to the center of the
quadrupole doublet, so that the spectra are folded back
and the maximum half-quadrupole splittings are less
than 15 kHz. This leads to maximum systematic pulse
errors of up to 20°, corresponding to a systematic error
in the 7, values of 12%.%! For half-quadrupole splittings
smaller than 15 kHz the T, values are correspondingly
more accurate. Since the contributions from systematic
errors are small, we have only considered random er-
rors in analyzing the 7, data. The quoted error limits
refer to + the standard deviation of the mean.

V. RESULTS

Some typical semilogarithmic magnetization recovery
plots obtained for multilamellar dispersions of DPPC
specifically deuterated in each of the two hydrocarbon
chains are shown in Fig. 1. In all cases investigated,
the quadrupole splittings of the various DPPC bilayer
phases were in agreement with previous resultg?® 2
and the relaxation was exponential. At those segment
positions where the sn-1 and sn-2 chains give rise to dif-
ferent quadrupole splittings,?® such as the C2 position %5
similar spin-lattice relaxation times were observed.
Figure 2 shows bilayer profiles of the relaxation
rate, 1/7,, as a function of the deuterated segment
position. The relaxation rates appear to be more or
less constant over the first half of the fatty acyl chains

J. Chem. Phys., Vol. 70, No. 11, 1 June 1979
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FIG. 1. Measurement of the spin-lattice (T,) relaxation times
of selectively deuterated DPPC multilamellar dispersions us-
ing the saturation recovery method at 51°C. The data are ex-
pressed as plots of In(My-M,) vs 7, where M, is the equilibrium
magnetization at long pulse intervals and M, is the steady state
magnetization at a shorter pulse interval 7. The position of

the deuterium labels in the fatty acyl chains is indicated by Cn.

(C3 to about C9), followed by a decrease in the central
region of the bilayer (C10-C15), These results agree
fairly well with a recent study of Davis® using perdeu-
terated DPPC. Distinctly faster relaxation rates are
observed for the glycerol backbone sz-3 segment (G3 in
our nomenclature) and for the fatty acyl chain segments
immediately adjacent to the glycerol groups (C2).

The deuterium 7, relaxation rates of the DPPC vesicle
solutions were generally observed to be exponential, ex-
cept at the C2 position, where the slightly nonexponen-
tial relaxation may be related to the fact that three com-
ponents are observed in the deuterium NMR spectra of
the corresponding unsonicated dispersions.!®*® A com-

o —— 7
80
} 51°( 80°C
- 60+ B
@ L ¢ J
“
- 4O} i
~ - 4
- ) ig §oit
201 . ol X .
+ [} 1 1
.
L]
G3 5 10 15 63 5 10 15

Carbon number

FIG. 2. Plots of the spin—lattice relaxation rates (1/Ty) of
DPPC multilamellar dispersions as a function of the deuterated
segment position at 51 and 80°C. At the C2 position three
resonances are observed”; the triangles, squares, and circles
refer to the sn-2a (smaller quadrupole splitting), sn-2b (larger
quadrupole splitting), and sz-1 chain resonances, respectively.
The multiple data points at the other segment positions indicate
multiple Ty measurements. Data are also shown for DPPC
deuterated at the s»-3 carbon of the glycerol moiety, indicated
by G3.
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FIG. 3. Arrhenius plots of the Ty relaxation times. Figure
3(a) shows a comparison of the data obtained for DPPC multi-
lamellar dispersions (®) and sonicated vesicles (0), deuterated
at the indicated segment positions. The data for the C2 posi-
tion of the multilamellar dispersions refer to the average of
the three observed resonances.’® Figure 3(b) shows additional
data for the DPPC multilamellae.

parison of the relaxation data obtained for sonicated
vesicles and multilamellar dispersions of DPPC is shown
in Fig. 3(a), where the data are expressed as Arrhenius
plots of In7; vs reciprocal temperature, Statistically
significant differences in the 7; relaxation times of the
vesicle and multilamellar preparations could not be de-
tected within the accuracy of our experiments, Figure
3(b) shows some additional temperation dependences for
the multilamellar DPPC samples at several other seg-
ment positions. The least squares slopes of the Ar-
rhenius plots shown in Fig. 3 correspond to an average
activation energy of 14.6+ 1.3 kJ mol! (3. 5+ 0. 3 kcal
mol™), in good agreement with previous proton and car-
bon-13 NMR studies.?*3%3% within the error of our mea~-
surements, we were not able to discern any dependence
of the activation energies on the position of the deuter-
ated chain segment, Such a dependence has been previ-
ously reported for the lamellar phase of potassium pal-
mitate. !’

Figure 4 depicts the results of T; relaxation studies of
specifically deuterated DPPC dissolved in chloroform/
methanol (9:1 vol/vol), At all segment positions in-
vestigated the relaxation was observed to be exponential.
The relaxation rates in chloroform/methanol decrease
continuously along the fatty acyl chains and are signifi-
cantly smaller than those of the corresponding multi-
lamellar and vesicle dispersions of DPPC. Figure 5
shows Arrhenius plots of the 7, data in 9:1 chloroform/
methanol solution, The activation energy in this solvent
is 10.5+ 2.1 kI mol™! (2. 5+ 0.5 keal mol™!). No depen-
dence of the activation energies on the chain segment
position was noted.

The T, data for the DPPC multilamellar dispersions,
vesicles, and in 9:1 chloroform/methanol solution are

J. Chem. Phys., Vol. 70, No. 11, 1 June 1979
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FIG. 4. Spin~lattice relaxation of DPPC in 9:1 chloroform/
methanol as a function of the deuterated segment position at
23°C (@) and 37°C (D). The inversion recovery method was

used to determine the T, relaxation times.
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FIG. 5. Arrhenius plots of the T relaxation times of DPPC
in 9 :1 chloroform/methanol, deuterated as indicated.

summarized in Table I. Some preliminary data for mul-
tilamellar samples of 1, 2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) are also included. Although the two
deuterons of the double bond give rise to quite different
quadrupole splittings,® differences in the T, relaxation V. DISCUSSION
rates could not be detected (activation energy =14, 2
+1.7kJ mol™). For all the systems investigated, the
T, relaxation times increase with temperature, suggest-
ing that the relevant molecular motions are in the short Using deuterium magnetic resonance, two independent
correlation time regime (w72« 1), parameters can be derived which provide insight into the

A. Dependence of the 7, relaxation times on
the segmental order parameter S¢p

TABLE I. Spin-lattice relaxation times of selectively deuterated DPPC and DOPC.?® T (msec) +std. dev.

Segment

position® Multibilayers Vesicles 9:1 CHCly : MeOH
DPPC 51° 80° 51° 80° 23° 51°

G3 13.3+1.4 19.1+1.2 eee soe oo noe

C2 23.4+3.3° 29.6+2.6° 21,2+1.7¢ 32.7+1.19

C3 32.2+1.4 46.9+1.7 eee 89.213.5
C4 32.7+1.2 50.8+1.1 39.2+1.2 51.1+1.0 53.6+1.1 87.7+1.5
C5 33.0+2.1 43.1+4. 7

Cé6 34.3+1.8 44.7+1.4 oee 64.2+1.3

Cc8 36.3+1.6 51.4+1.2 77.1+2.6 106.7+2.9
Cc9 37.7+1.7 48.5+9.6 X : 109.2x2.6 139.6+5.7
Cc12 54.5+3.6 100.0+4.9 s oo 158.6+5.7 232.4+7.1
Cl4 95.4+3.5 195.8+3.2 101.0+£2.4 185.8+4.9 281.4+12.1 410.1+15.8
C15 138.5+3.7 253.0+8.2 oo
DOPC® 23° 51°

c9 13.2+1.0 21.0+£1.0 oo eoo oo o oeo

C10 12.5+0.6 20.4+0.6 eee eee oo eer

254.4 MHz.

PG3 indicates the glycerol sn-3 carbon; Cn indicates a given fatty acyl chain segment.
CAverage value of three observed resonances.?

9Relaxation is slightly nonexponential.

®Data refer to the 9, 10 double bond of the sn-2 chain.

J. Chem. Phys,, Vol. 70, No. 11, 1 June 1979
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structure and dynamics of lipid bilayers. The residual
deuterium quadrupole splittings, Av,, and derived order
parameters, Scp, are a measure of the time averaged
orientation and amplitude of the carbon-deuterium bond
fluctuations, while the deuterium 7; relaxation times
and derived correlation times, 7., contain the dynamic
information. We emphasize that the relaxation in bi-
layer membranes depends on both the ordering and rate
of motion. Consequently, a proper analysis of lipid bi-
layer dynamics using relaxation time measurements
must explicitly consider the contribution of the segmen-
tal order parameter in the relaxation rate expressions,

In these respects, deuterium NMR offers several dis-
tinct advantages compared to NMR methods employing
other nuclei. Since the quadrupolar interaction is the
dominant relaxation mechanism, intra- and intermolecu-
lar dipolar interactions can be safely neglected, As a
result, the deuterium 7, relaxation is exclusively deter-
mined by the motion of the particular molecular segment
under consideration. This enables one to derive a sim-
ple analytical expression [Eq. (5)] for the deuterium 7}
relaxation times, in which the segment ordering and
rate of reorientation are represented by independent pa-
rameters whose specific influence on the relaxation be-
havior can be quantitatively evaluated.

For the DPPC bilayers investigated in this study, the
effect of molecular ordering on the deuterium 7, relaxa-
tion rates is small. This is due to the fact that the or-
der parameter S.;, depends on the orientation of the car-
bon-deuterium bond vector with respect to the molecu-
lar frame, as well as the amplitude of the motional fluc-
tuations. Thus, although parts of the bilayer are rather
well ordered (Sp,; = 0.4), the preferential orientation of
the carbon—deuterium bond vector perpendicular to the
long molecular axis of the hydrocarbon chains results
in a deuterium order parameter S, between zero and
about - 0.2, Consequently, the order “correction” in
Eq. (7) tends to be less than 20%.

An example that is particularly well suited to demon-
strate the relatively small influence of the order param-
eter on the 7, relaxation rates is provided by the cis-
double bond of DOPC bilayers. As a result of the dif-
ferent average orientations with respect to the bilayer
normal, the C9 and C10 deuterons of the cis-double
bond give rise to different quadrupole splittings, corre-
sponding to order parameters, Scp, of —0.10 and +0. 02,
respectively (23 °C).%% Since the two deuterons are at-
tached to the same structural element, the ¢is-double
bond, they necessarily have the same correlation time.
Therefore, any differences in the relaxation times must
be due to the different order parameters. Inserting the
above values for S.p into Eq. (7) leads to a predicted
ratio of 7,(C9)/7,(C10)=1.07, in agreement with our
experimental results, where differences in the relaxa-
tion times of the two deuterons cannot be distinguished.
The short relaxation times of the 9,10 deuterons of
DOPC compared to the CD, segments of DPPC can be
rationalized in terms of the larger size and correspond-
ingly slower motion of the chain segment containing the
double bond.

Brown, Seelig, and Haberlen: Deuterium relaxation of phospholipid bilayers

B. Vesicles and multilayers

Comparison of Egs. (7) and (8) shows that for order
parameters | Scpl £ 0.2, the maximum difference to be
expected in the multilamellar and vesicle T, relaxation
times is about 10%. This result is also consistent with
our experimental observations, in which significant dif-
ferences in the Ty relaxation of the vesicle and multi-
lamellar samples are not detectable, even at those seg-
ment positions close to the glycerol backbone, which are
expected to be most sensitive to the vesicle tumbling.
We may therefore conclude that the fast chain segmental
motions affecting 7, are similar in the vesicle and multi-
lamellar preparations. For both systems the macro-
scopic reorientation is too slow to affect the 7| relaxa-
tion; consequently problems associated with the proper
separation of local segmental motions from large-scale
tumbling motions are minimal or do not exist for these
systems.

C. Bilayer profiles of the rotational correlation times
and order parameters

We now turn to a more detailed discussion of the order
and rate profiles in DPPC bilayers. Since the ordering
contribution is small, the plots of 1/7) vs the CD, seg-
ment position largely reflect the motional profile along
the hydrocarbon chains. We envisage that the molecular
motions responsible for the 7, relaxation may include
chain rotational isomerizations, rotation of lipid mole-
cules in the bilayer, and possibly any relatively low
frequency modes of chain torsional oscillations. Simple
torsional oscillations, stretchings, and vibrations will
not contribute significantly to the relaxation, since such
motions are of relatively low amplitude and occur at
higher frequencies than employed in NMR experiments;
likewise, any additional slow motional processes occur-
ring at lower frequencies will be ineffective in produc-
ing Ty relaxation. In view of the probable complexity
of a detailed treatment, we have not analyzed the lipid
segmental motions in terms of any discrete models, but
rather have assumed that the temporal autocorrelation
function decays exponentially with a single effective cor-
relation time, As discussed elsewhere,* the molecular
fluctuations affecting the deuterium and carbon-13 T
relaxation in lipid bilayer systems appear to correspond
to a fairly distinct class of intramolecular motions; this
observation, fogether with the magnitude of the thermal
activation barriers, suggests an interpretation of the 7
results predominantly in terms of rotational isomeriza-
tion®® about carbon—carbon bonds. Such motions are ef-
fective in reorienting the carbon-deuterium bond vector
through large solid angles and, in liquids, occur with
high probability in the frequency range of NMR,

In Fig. 6 we have compared the rotational correlation
times derived using Eq. (7) to the deuterium order pa-
rameters as a function of the labeled segment position.
Excepting the glycerol sn-3 and fatty acyl C2 segments,
which are discussed in the following section, the shapes
of the correlation time and order profiles are similar.
Both the rate of the motion, characterized by 7., and
the amplitude, characterized by S¢p, are approximately
constant from chain segments C3 to about C3. Beyond
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FIG. 6. Comparison of the rotational correlation times (w)
determined from the T, data using Eq. (7) and the deuterium
order parameters (o) as a function of chain position. At those
segment positions near the beginning or end of the fatty acyl
chains, the order parameters represent the average of the two
observed quadrupole splittings. % The correlation times of the
C2 segment were derived from the average relaxation rate of
the three observed resonances.

C9, a progressive increase in the rate and amplitude of
the motion is evident. These features are remarkably
constant over the temperature range investigated (51—
80°C). The fast motional fluctuations affecting 7 occur
at frequencies up to 1/7,210'° Hz in the first part of

the fatty acyl chains, increasing to 1/7,2 10!! Hz near
the terminal CH; groups.

A quantitative analysis of the results shown in Fig. 6
will not be pursued here, but we offer the following quali-
tative comments. The order and correlation time pro-
files are best interpreted in terms of two different ref-
erence states, The order profile is most appropriately
referred to the solid (gel) state with extended all-trans
chains (S;0; =1), as observed in bilayers cooled below the
gel to liquid crystalline phase transition temperature 3!+
Above the transition temperature (L, phase®), the chain
methylene segments are disordered due to lrans—gauche
isomerizations about various carbon-carbon bonds, but
the motions are restricted in amplitude. A statistical
mechanical analysis of the deuterium order parameters
using the Mard&elja theory® indicates that the energetically
favored conformational defects are those where a gauche
rotation in one direction is accompanied by a compensat-
ing gauche rotation of the opposite sense,” thereby pre-
serving the parallel chain packing in the bilayer. The
presence of such coupled gauche conformations (so-
called kinks and jogs) provides a simple intuitive expla-
nation of the “plateau” region of the order profile.

With regards to the relaxation rates, which measure
the dynamic properties of the bilayer, the most suitable
reference data are those of the liquid state. The T, re-
laxation times of DPPC dissolved in 9:1 chloroform/
methanol do not exhibit a plateau; instead, the relaxa-
tion rates and derived correlation times decrease more
or less continuously along the fatty acyl chains (cf.

Fig. 4). This behavior is characteristic of the motion
of free chains attached to a center of mass undergoing
overall isotropic reorientation.'®5" Since the relaxation
rates are longest near the beginning of the chains, the
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center of mass must be displaced towards the polar head
groups, which are probably anchored in a reverse micel-
lar structure. The progressive decrease in the relaxa-
tion rates proceeding from the glycerol groups toward
the methyl terminus can then be explained in terms of
multiple internal rotations, e.g., trans—gauche iso-
merizations, which progressively accumulate in fre-
quency along the fatty acyl chains. A similar continuous
decrease is observed in the carbon-13 T, relaxation
rates of 10-methylnonadecane, where each pair of equiv-
alent carbon atoms in the chain is magnetically distinct
and gives rise to a resolved resonance.® Thus we can
conclude that, within the confines of the rotational iso-
meric model,® the motions about carbon-carbon seg-
ments in free hydrocarbon chains are essentially uncor-
related.

In the bilayer state, the fatty acyl moieties are tightly
packed and prevented from behaving as isolated chains.
Compared to simple paraffinic liquids, the hydrocarbon
chain motion in bilayers is different in two respects,
First, the chain ordering is accompanied by substantial
decreases in the rate of the segmental motions compared
to free hydrocarbon chains. This is evidenced by an in-
crease in the segmental correlation times of the DPPC
bilayer by a factor of up to ten compared to paraffinic
liquids™®=%® and by an increase in the activation energies
from about 10. 5 kJ mol™* (2. 5 kcal mol™) for DPPC in
chloroform/methanol solution to about 14.6 kJ mol™
(3. 5 keal mol™) in the bilayer state, Second, the ob-
servation of an approximately constant effective corre-
lation time over almost half the length of the fatty acyl
chains, i.e., a plateau is observed from chain segments
C3 to about C9, suggests that the segmental motions in
this region of the bilayer are rather strongly correlated.
Towards the fatty acyl chain ends (C10-C15) a progres-
sive increase in the rate of motion is observed, which
presumably represents a falloff in the degree of motion-~
al correlation along the chains.

In view of the above considerations, it is clear that
the effective motions of individual chain segments in
lipid bilayers cannot be treated in terms of cumulative
internal rotations. Rather, a more sophisticated model
is required in which concerted conformational changes
are explicitly taken into consideration. In the bilayer
state the lipid molecules are effectively attached via
their polar groups to the aqueous interface. Consequent-
ly, the van der Waals interactions among the various
chain segments give rise to a lateral pressure, so that
the segmental motions, while rapid, are coupled in a
manner which allows for a statistical ordering of the
fatty acyl chains perpendicular to the bilayer surface.
From the statistical mechanical analysis of the deuteri-
um order profiles it is found that the probabilities of the
various fatty acyl chain configurations are approximately
constant from near the glycerol backbone region to about
the C10 segment, i.e., the plateau, with a decrease in
the number of {rans elements aligned parallel to the bi-
layer normal in the central hydrocarbon region.” In
view of the close connection between the correlation
time and order profiles, it is possible that the constant
motional component, i.e., the correlation time plateau,
represents the movement of small configurational de-
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fects such as kink and jog-type conformations in the bi-
layer., However, a fuller understanding of the correla-
tion time and order profiles must await the development
of a more detailed model, which would presumably be
the dynamic equivalent of the Marcelja theory. In our
view, the experimental criteria to measure the quality
of such predictive theories are now available,

D. Segments close to the lipid-water interface

Rather short relaxation times are observed for the
deuterons of the fatty acyl C2 segments (7| =23 msec at
51 °C) and the glycerol-sn-3 segment (7, =13 msec,

51 °C), compared to either the polar head group seg-
ments® or the bulk of the hydrocarbon chain segments.
Similar observations have been made previously from
carbon-13 NMR studies.’® The correlation time profiles
shown in Fig. 6 illustrate rather clearly that the rate of
segmental motion is less at the G3 and C2 segments than
deeper in the hydrocarbon region. This conclusion is
further supported by the observation of a larger spectral
linewidth for the G3 segment vis-3-vis the hydrocarbon
region® and is in agreement with previous studies indi-
cating a relatively well defined structure for the glycer-
ol region.’ %% pregumably this behavior reflects the
rigid anchoring and relatively tight packing of phospho-
lipid molecules at the lipid~water boundary region,
suggesting that the possible presence of an interfacial
barrier at the level of the glycerol backbone may be a
factor which should be considered with regards to the
permeation of nonelectrolytes through the bilayer. The
observation of similar relaxation times for the C2
segments of the sn-1 and sn-2 chains, which have
different quadrupole splittings,*® provides further sup-
port for our contention that the rate of motion is the
dominant factor in determining the relaxation of the sys-
tems investigated here,

V1. CONCLUSIONS

The present results lead to the some rather definite
ideas regarding the molecular basis of lipid bilayer
membrane fluidity. The focus of previous work employ-
ing deuterium NMR has been to demonstrate the presence
of well defined structural features in lipid bilayers,
which appear to be general and occur in 2 number of
membrane systems,® The studies described here pro-
vide new information concerning the nature and rates of
the intramolecular motions in lipid bilayers. For exam-
ple, we can say that the configurational freedom near
the glycerol backbone region is substantially reduced
compared to the hydrocarbon region and that the motion
of the fatty acyl chains parallels the ordering of the hy-
drocarbon region and thus may be related to the defect
structure of the bilayer. From a dynamic point of view,
the primary result of the increased orientational order
in the bilyaer is not a large decrease in the rate of seg-
mental motion compared to paraffinic liguids, but rather
a correlation of the rotational motions involving neigh-
boring segments in the fatty acyl chains, Presumably
this behavior can be described in terms of a mean field
bilayer pressure, which favors extension of the chains
perpendicular to the bilyaer surface. The possibility
of such coupled motions involving the hydrocarbon chaing
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of lipid bilyaers has been discussed to some extent in
the earlier literature®®#=%; as directly deomonstrated
here, such motional correlations appear to be an impor-
tant feature of membrane organization, The rate of
segmental motion in the hydrocarbon region is rapid,
yet the motional correlations allow for the long range
ordering characteristic of bilayer membranes.
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