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ABSTRACT A large fraction of the phospholipid protons
of bovine retinal rod outer segment (ROS) disc membrane ves-
icles yield well-resolved nuclear magnetic resonance lines near
physiological temperature. The spin-lattice (Tj) relaxation rates
of the resolved sharp resonance of ROS disc membranes appear
biphasic above 100C. The rate of the more rapidly relaxing
component of each resonance matches closely the relaxation
rate of the corresponding resonances of liposomes of purified
ROS phospholipids. The slowly relaxing component of each disc
membrane resonance is most likely due to phospholipids whose
motion is affected by rhodopsin. The primary difference in the
relaxation behavior of phospholipids in the ROS membrane
vesicles and ROS liposomes appears to be in T1, rather than T2,
since the corresponding sharp resonances of both preparations
have similar linewidths. These observations suggest that the
interaction of rhodopsin with the more fluid membrane phos-
pholipids predominantly affects relatively high frequency
segmental motions, which determine T1, while having minimal
effects on the lower frequency segmental motions, which in-
fluence T2. This conclusion can be rationalized by assuming that
a substantial fraction of the interacting phospholipids are rel-
atively fluid with respect to less frequent, larger amplitude
segmental motions, but that the more frequent segmental mo-
tions (such as i-coupled trans-gauche isomerizations) are sig-
nificantly restricted by interaction with protein.

Nuclear magnetic resonance (NMR) spectroscopy offers a

number of potential advantages over other spectroscopic
techniques that are used widely in membrane biology. Many
NMR techniques are of inherently high resolution and en-

compass a range of frequencies characteristic of motions of
biological interest, such as conformational changes and diffusive
processes. A particular advantage of NMR techniques in studies
of biological systems is that they are not predicated upon the
introduction of foreign probe groups that may induce structural
or motional perturbations. Although the interpretation of cer-

tain relaxation properties is not unequivocal, NMR, used in a

semiphenomenological fashion and coupled with appropriate
biochemical manipulations, has considerable potential for the
elucidation of static and dynamic aspects of lipid-lipid and
lipid-protein interactions in biological membranes. 'H and 1'3C
NMR studies of phosphatidylcholine (PC) dispersions have led
to models for the motion and ordering of phospholipids in bi-
layer membranes and their interactions with various cyclic
antibiotics, local anesthetics, and cholesterol (1, 2). Studies of
complex natural membranes, however, have not yielded cor-

respondingly detailed (or useful) information (2), since the
origin of the resolved resonance components is not always clear
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and the desired physical information is in many cases averaged
over an indeterminant fraction of the membrane.
The disc membrane of vertebrate retinal rod outer segments

(ROS) is well suited for the study of protein-lipid interactions,
since the visual pigment rhodopsin comprises more than 85%
of the total protein content (3) and the lipid composition is well
characterized (4). Differences in the physical properties of lipids
in ROS disc membranes compared to those in bilayers of pu-
rified ROS lipids are most likely due to interactions with rho-
dopsin. In this communication we report 1H NMR studies at
100 and 360 MHz which show that a substantial fraction of the
phospholipids in retinal ROS disc membranes and protein-free
liposomes of extracted ROS phospholipids have similar reso-
nance linewidths but different spin-lattice (T,) relaxation be-
havior. These results corroborate and extend our previous 100
MHz 1H NMR studies (5, 6) and are interpreted in terms of
protein-lipid interaction in the ROS disc membrane.

EXPERIMENTAL PROCEDURES AND RESULTS
ROS membranes and ROS phospholipids were purified as de-
scribed (6-8). To minimize oxidative damage to the poly-
unsaturated ROS phospholipids, we conducted all work under
an argon atmosphere using argon-saturated solutions (9) and
all aqueous solutions contained 0.1 mM EDTA (W. L. Stone,
T. Huffaker, C. C. Farnsworth, and E. A. Dratz, unpublished
data). All manipulations and measurements of the ROS mem-
branes were done in the dark or under dim red light unless
specified otherwise. The dark-adapted bovine ROS membranes
contain approximately 25% bleached rhodopsin. The studies
reported here used fully sonicated preparations of about 1000
A diameter vesicles (6) except as noted.

Fig. 1 shows 'H NMR spectra of sonicated bovine ROS
membranes and liposomes of extracted ROS phospholipids
obtained by an inversion recovery (1800°-r-90') pulse sequence
at 100 MHz. The pulse interval T was chosen to effectively null
the slowly relaxing residual HDO solvent resonance at about
4.6 parts per million (ppm), thereby more clearly revealing the
presence of distinct sharp and broad spectral components. The
spin-lattice (T,) relaxation rates of the resolved sharp resonances
were measured at 100 and 360 MHz by the inversion recovery
pulse method. Fig. 2 shows a comparison of the inversion re-
covery plots obtained for the sonicated ROS membrane vesicles
and ROS liposomes at 360 MHz. The spin-lattice relaxation rates
of all the ROS liposome resonances appear to be exponential,
except the N+Me3 head group resonance. In contrast, the re-
laxation rates of all the sharp resonances of the sonicated ROS
membranes are nonexponential above 100C and can be fit
within experimental error by two exponential processes. The
more rapidly relaxing component of each of the ROS mem-
brane resonances matches closely the relaxation rate of the ROS
liposomes, whereas the slowly relaxing components have no
counterpart in the ROS liposome relaxation behavior. The T,
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FIG. 1. Partially relaxed 100 MHz 1H NMR spectra of sonicated
ROS membranes and ROS liposomes obtained by an inversion re-
covery (180'--r90') pulse sequence in the Fourier transform mode
at 30'C. The pulse interval r was chosen to null the residual HDO
solvent resonance. The intensities of the sharp phospholipid reso-
nances are within 10% of their equilibrium values. All samples are in
deuterated 0.10 M borate buffer containing 0.10 M KCI at a pH of 7.0.
The assignments of the sharp resonances (10) are: (a) CH=CH, (b)
N+(CH3)6, (c) CH==CHCH2*CH=CH, (d) CH=CHCH?*CH2, (e)
(CH2)., and (f) CH3. The sharp resonances near 4 ppm in the ROS
membrane spectrum are due either to ROS sugar residues or to re-
sidual sucrose from the membrane preparation. The broader,
underlying components are indicated by the dashed lines. All 100
MHz spectra were obtained on a JEOLCO PFT-100 spectrometer
interfaced to a Varian 620/i computer.

data are summarized in Tables 1 and 2. The nonexponential
relaxation of the ROS membranes is not due to a distribution
of vesicle sizes with different relaxation properties, since the
vesicle size distributions of the ROS membranes and ROS li-
posomes are similar and relatively homogeneous (6) and little
change is apparent in the T1 values of the ROS phospholipid
dispersions upon sonication (Table 2). The biphasic relaxation
of the sharp ROS membrane resonances does not seem to be
influenced by contributions from the broad, underlying com-
ponent, since the form of the TI plots is independent of whether
a flat or curved baseline (to approximate the broad component)
is chosen for evaluation of MO and M, Furthermore, ap-
proximately 100% of the N+Me3 protons are resolved as a single
sharp resonance (10), yet this resonance also relaxes nonexpo-
nentially. It may be concluded, therefore, that the biphasic T,
relaxation rates of the sharp, well-resolved resonance compo-
nents reflect two distinct families of phospholipids within the
bilayer of the ROS membrane vesicles.
The inversion recovery plots obtained for sonicated ROS

membranes and ROS liposomes at 100 MHz are shown as a
function of temperature in Figs. 3 and 4, respectively. Below
100C the spin-lattice relaxation of the ROS membranes can be
fit by a single exponential (Fig. 3). Above 10C the T, relaxa-
tion becomes nonexponential, with the relative proportions of
the two exponential relaxation components displaying a slight
temperature dependence over the range 10-50'C. The rates
of the slowly relaxing components of the ROS membranes in-
crease slightly with temperature, while the relaxation rates of
the ROS liposome resonances decrease with temperature over
the range of 5-500C (Tables 1 and 2 and Figs. 3 and 4). Fig. 5
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FIG. 2. Comparison of first order inversion recovery plots for
sonicated ROS membranes (M) and ROS liposomes (A) at 360 MHz.
The data are expressed as plots of in (MO - M ) against T, where MO
is the limiting resonance amplitude at long T values and M. the res-
onance amplitude after a time T. The interval between successive
(18O0-T-90') pulse sequences was 20 sec. The nonexponential data
were fit as a sum of two exponential terms, the solid straight lines
representing the least squares slopes of the slow and fast (@) com-
ponents of the ROS membranes. The dashed lines represent the least
squares slopes of the ROS liposome relaxation data. Note that the
choline methyl relaxation is fit with two exponential processes. Note
also that at 360 MHz separate terminal CH3 resonances are resolved
from the polyunsaturated and the other, more saturated side chains
of the ROS phospholipids (10). The spectra were obtained at 280C
on a Bruker HXS-360 spectrometer and Nicolet 1080 computer sys-
tem.

shows Arrhenius plots of the T, relaxation data obtained for the
ROS liposomes and the slow relaxation component of the ROS
membranes at 100 MHz. Neither the 100 MHz nor the 360
MHz data are sufficiently precise to determine a temperature
dependence for the fast relaxation components of the ROS
membranes.
The data in Fig. 5 indicate that the T, relaxation rates of the

slowly relaxing components are essentially the same before and
after bleaching of rhodopsin under the conditions used for these
experiments. Changes in T, behavior may occur upon
bleaching and this matter is under further investigation.

DISCUSSION
The 'H NMR spectra of sonicated ROS membranes and ROS
liposomes contain distinct sharp and broad spectral components.
The sharp components account for about 40-50% of the total
resonance area near physiological temperature. The remainder
appears as a broad underlying background of spectral intensity.
The simplest interpretation of these sharp and broad compo-
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Table 1. 1H spin-lattice relaxation times (T,) of sonicated ROS membranesa (see)

CH=CHCH2 *-
t(° C) CH=CH N+Me3 CH=-CH CH=CHCH2* (CH2)n CHCHCH2CH3* (CH2)nCH*

100 MHz
6 - 0.7 ±0.1 0.6±0.1 0.4 ±0.1 0.5 ±0.1 0.4 ±0.1

15 1.9 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 1.7 ± 0.1 1.1 ± 0.2
29 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.1

2.1 ± 0.2 2.1 ± 0.2 1.8 ± 0.2 1.3 ± 0.1 1.1 ± 0.1
40 - 0.3 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 0.3 0.1 0.2 ± 0.1

1.6 ± 0.1 1.6 ± 0.1 0.7 ± 0.2 1.2 0.1 1.0 ± 0.1
46 0.2 ± 0.1 0.3 ± 0.2 0.2 0.1 0.3 ± 0.1

1.3 ± 0.1 1.3 ± 0.1 0.6 ± 0.1 1.1 ± 0.1 0.9 ± 0.1
360 MHz

28 0.8 ± 0.3 0.50 ± 0.09 0.47 ± 0.05 0.46 ± 0.03 0.53 ±0.05 0.44 ± 0.03 0.42 ± 0.8
4.0 ± 0.5 4.0 ± 0.5 2.7 ± 0.2 2.3 ± 0.1 3.0 ± 0.1 2.2 ± 0.1 2.3 ± 0.3

40 0.7 ± 0.2 0.46 ± 0.05 0.55 ± 0.06 0.56 ± 0.13 0.54 ± 0.10 0.52 ± 0.07 0.54 ± 0.06
2.7 ± 0.5 2.9 ± 0.2 3.4 ± 0.3 3.5 ± 0.7 3.5 ± 0.5 3.0 ± 0.3 3.0 ± 0.2

a Two values for each resonance at a particular temperature represent biphasic relaxation behavior.

nents is that they correspond to phospholipids in lateral mosaic
domains of different average microviscosity in the ROS disc
membrane (10). The linewidths of the corresponding sharp
resonance components of the ROS membrane vesicles and ROS
liposomes are similar, so that there do not appear to be any large
differences in their average transverse (T2*) relaxation rates.§
The spin-lattice -(T1) relaxation behavior of the sharp ROS
membrane spectral components, however, is very different
from that of the ROS liposomes. The T1 relaxation rates of the
hydrocarbon chain resonances of the ROS liposomes appear
exponential, whereas those of the corresponding ROS mem-
brane resonances are nonexponential and contain components
that relax much more slowly than phospholipids in pure or
mixed bilayers (11, 12). The only ROS liposome resonance that
deviates significantly from exponential relaxation behavior is
that of the N+Me3 head group, which is clearly biphasic at 360
MHz. The faster component is most likely due to interactions
with other head group classes in the ROS liposomes, since it
relaxes more rapidly than N+Me3 groups on the inner or outer
surface of pure egg PC or dipalmitoyl PC bilayer vesicles (13).
The spin-lattice relaxation rates of all the ROS membrane res-
onances can be fit by two exponential components above 100C.
In all cases the relaxation rate of the faster component matches
closely that observed for the protein-free ROS liposomes. The
slower relaxation component must therefore correspond to
phospholipids that are interacting with other components of
the ROS disc membrane, presumably rhodopsin. This inter-
action must be sensitive to the physical state of the ROS phos-
pholipids, since a discontinuous change in the relaxation be-
havior of the ROS membranes is observed below 100C (i.e.,
from nonexponential to exponential), which may reflect an
endothermic lipid phase transition known to occur at about
5-70C (14).

Spin-lattice (T1) relaxation processes are dominated by
motions with spectral density near the Larmor resonance fre-
quency (wo), while spin-spin (T2) relaxation processes include
contributions from slower motions near zero frequency as well
as the nonsecular contributions at wo and 2wo. Since the integral
of the spectral density function is constant (15), relatively low
frequency motions of large amplitude are expected to dominate
transverse relaxation processes. There is strong experimental
evidence that the T1 and T2 relaxation rates of bilayer mem-
§ T2* = 1/1r7v1/2 for a Lorentzian lineshape, where SV1/2 is the reso-
nance linewidth at half height.

branes are determined by motions with different correlation
times (11). From T1 and T2 studies of sonicated egg PC lipo-
somes, Horwitz et al. (11) have postulated two components for
the motion of lipid side-chain methylene groups. One compo-
nent occurs more frequently and is relatively uniform in am-
plitude over much of the chain, thereby accounting for the
exponential Ti behavior observed by these authors. The other
component is less frequent and increases slightly in amplitude
with increasing distance from the glycerol moiety, with a fur-
ther abrupt increase near the CH3 terminus, which accounts
for the observed nonexponential T2 behavior. The more fre-
quent motions have been identified with d-coupled gauche + -
gauche- conformational changes and the less frequent motions
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FIG. 3. Inversion recovery plots for sonicated ROS membranes
obtained at 100 MHz as a function of temperature.

1980 Biophysics: Brown et al.



Biophysics: Brown et al. Proc. Natl. Acad. Sci. USA 74 (1977) 1981

Table 2. 'H spin-lattice relaxation times (T,) of ROS liposomesa (see)

CH=CHCH2 *-
t(°C) CH=CH N+Me3 CH CH CH'-CHCH2* (CH2)n CH=CHCH2CH3* (CH2)nCH3*

100 MHz
11 0.17 ± 0.07b 0.20 ± 0.04 0.20 ± 0.05 0.24 ± 0.04 0.26 ± 0.02
20 0.73 ± 0.16 0.31 ± 0.12b 0.32 ± 0.08 0.28 ± 0.02 0.31 ± 0.04 0.37 ± 0.05
29 0.73 ± 0.05 0.30 ± 0.05b 0.40 ± 0.05 0.40 ± 0.06 0.35 ± 0.06 0.38 ± 0.03
37 0.80 ± 0.05 0.37 ± 0.06b 0.49 ± 0.03 0.45 ± 0.08 0.43 ± 0.07 0.46 ± 0.04
48 0.68 ± 0.03 0.40 ± 0.06b 0.46 ± 0.03 0.44 ± 0.05 0.41 ± 0.03 0.48 ± 0.03

360 MHz
20c 0.72 ± 0.05 0.98 ± 0.09d 0.66 ± 0.05 0.58 ± 0.04 0.62 ± 0.04 0.50 ± 0.01

3.3 ± 0.4
20 0.98 ± 0.06 0.85 ± 0.01d 0.71 ± 0.02 0.73 ± 0.02 0.71 ± 0.02 0.68 ± 0.01

4.5 ± 0.1
28 1.44 ± 0.08 0.29 ± 0.05d 0.64 ± 0.02 1.12 ± 0.06 0.68 ± 0.02 0.75 ± 0.03 0.66 ± 0.06

1.4 ± 0.3

a Sonicated, unless otherwise indicated.
b Fit of slightly curved inversion recovery plots to single exponential decay.
c Unsonicated.
d Two values represent biphasic relaxation behavior.

with coupled rotations that are separated by several, rather than
one, intervening trans bonds. This interpretation has been re-
inforced by a recent careful analysis of inter- and intramolec-
ular contributions to the relaxation rates of dipalmitoyl PC (13),
which shows that the methylene linewidths and T1 values are
dominated by intramolecular dipolar interactions.
The observation of a similar fraction of sharp and broad

spectral components and similar resonance linewidths in the
50 250 470
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FIG. 4. Inversion recovery plots for ROS liposomes obtained at

100 MHz as a function of temperature.

1H NMR spectra of the ROS membranes and ROS liposomes
suggests that rhodopsin does not drastically inhibit the lower
frequency segmental motions of the ROS membrane phos-
pholipids (6, 10). The different T1 behavior implies that the
protein-lipid interaction predominantly affects the higher
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FIG. 5. Arrhenius plots of the T1 data obtained for sonicated ROS

membranes (right) and ROS liposomes (left) at 100 MHz. The ROS
membrane T, values are those of the slowly relaxing spectral com-
ponents. Data are shown for dark-adapted (-) and bleached (0) ROS
membranes. Bleaching was carried out at room temperature by ex-
posure to about 20 flashes of a Honeywell Strobonar 700 xenon lamp
passed through a yellow cut-off filter (Melles Griot GG475). Bleached
samples remained at room temperature under fluorescent room light
for at least 1 hr before measurements were made. Note the different
scales for the ROS membrane and ROS liposome data. (a) N+Me3,
(b) CH==CH-CH2*-CH=CH, (c) CH=CHCH2*CH2, (d) (CH2)n, and
(e) CH3.
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frequency segmental motions. Two fundamental problems in
the interpretation of 'H relaxation data obtained from bilayer
membrane systems are the possibility of spin exchange processes
along all or part of the hydrocarbon chains and the treatment
of the effects of anisotropic or restricted motions on the ob-
served relaxation rates. Arguments have been presented against
significant spin diffusion in sonicated phospholipid bilayer
vesicles (2, 11) and will not be reiterated here. It is worth noting,
however, that dipolar echo measurements suggest that spin
coupling processes among adjacent methylene proton pairs are
important in unsonicated lipid dispersions (16). With regards
to the second problem, we note that for the case of intramo-
lecular dipolar relaxation between isolated geminal proton pairs,
preliminary calculations (M.F.B., unpublished) indicate that
the average amplitude of segmental reorientation (i.e., order
parameter) enters into the relaxation rate expressions as a small
correction. While it is debatable whether such an analysis is
applicable to fully protonated phospholipid bilayers, the am-
plitude of highly 3-coupled trans-gauche isomerizations is
expected to be exclusively determined by the relevant bond
rotational potentials, so that any large changes in T, most likely
reflect changes in the frequency of segmental reorientation.
The positive temperature dependence of the ROS liposome T,
values at 100 MHz (Ea z 3 kcal mole-) implies that the mo-
tions governing spin-lattice relaxation are in the short correla-
tion time regime (WO2Tc2 << 1). Since T, is a double-valued
function of correlation time for random molecular reorientation
(17), the observation of a slow component in the ROS mem-
brane T, relaxation can be interpreted in terms of either an
increase or decrease in the probability of trans-gauche seg-
mental motions. Our measurements at 100 MHz seem to indi-
cate that the T1 relaxation times of the slow component de-
crease with increasing temperaturel which would imply that
the relevant molecular motions are in the long correlation time
regime (wo2Tc2 >> 1). If this is the case, it follows that rhodopsin
increases the effective correlation time for the high frequency
motions of those phospholipids that yield sharp resonance
components in the ROS disc membrane. However, these con-
clusions must be regarded as tentative and may require some
modification as a greater understanding of relaxation processes
in phospholipid bilayer membranes is obtained.

It is possible to account for the presently available data by
a simple model in which large-amplitude segmental motions
are assumed to be coupled to lateral diffusive jumps of phos-
pholipids in fluid bilayers. If the exchange frequency of ROS
phospholipids between interacting and noninteracting lipid
environments is similar to the lateral jump frequency of phos-
pholipids in pure bilayers, the T2 relaxation rates would be
relatively unaffected by interaction with rhodopsin. The life-
time for translationally fluid phospholipids jumping between
lateral sites can be estimated to be about 10-7 sec (18), which
is similar to the correlation time estimated for relatively low
frequency/large-amplitude off-axis segmental motions of egg
PC and dipalmitoyl PC (10-7 to 10-8 see), but significantly
¶ The T, values of the slow ROS membrane relaxation components
appear to have a positive temperature dependence at 360 MHz, so
that at least two motions witrdifferent correlation times are required
to account for the data.

greater than that estimated for higher frequency 13-coupled
trans-gauche isomerizations (10-9 to 10-10 sec) (19, 20). Thus,
a substantial fraction of the ROS phospholipids may be rela-
tively fluid with respect to low-frequency segmental motions
and lateral diffusion, but restricted in higher frequency seg-
mental motions by interaction with rhodopsin.
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