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Abstract. The interaction of cationic pentalysine with
phospholipid membranes was studied by using phos-
phorus and deuterium Nuclear Magnetic Resonance
(NMR) of headgroup deuterated dimyristoyl phos-
phatidylcholine (DMPC) and dimyristoyl phosphati-
dylserine (DMPS). In the absence of pentalysine, some
of the deuterium and phosphorus spectra of DMPC/
DMPS 5:1 (m:m) membranes gave lineshapes similar
to those of partially-oriented bilayers with the planes
of the bilayers being parallel to the magnetic field. The
deuterium NMR data show that the quadrupolar
splittings of the deuterated methylenes of the DMPC
headgroup are not affected by adsorption of penta-
lysine on the PC/PS membranes. By contrast, the
pentalysine produces significant changes in the qua-
drupolar splittings of the negatively charged DMPS
headgroup. The results are discussed in relation to
previous *H NMR investigations of phospholipid
headgroup perturbations arising from bilayer interac-
tion with cationic molecules.

Key words: Phosphatidylserine, polylysine, lipid-
peptide interaction, deuterium NMR, phosphorus
NMR

Introduction

A comprehensive approach to membrane/protein in-
teractions requires detailed studies at the molecular
level of the lipid and protein components. In this re-
spect, broad-line deuterium (?H) NMR! is already
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Abbreviations;: NMR, nuclear magnetic resonance; DMPC,
1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPS, 1,2-dimy-
ristoyl-sn-glycero-3-phosphoserine; POPC, 1-palmitoyl, 2-oleyl-
sn~-glycero-3-phosphocholine; POPG, 1-palmitoyl, 2-oleyl-
sn-glycero-3-phosphoglycerol; PC, phosphatidylcholine; PS,
phosphatidyl serine; PG, phosphatidylglycerol; HEPES, N-(2-
hydroxy-ethyl)piperazine-N’-2-ethanesulfonic acid; TRIS, tris-
(hydroxymethyl)aminoethane; EDTA, ethylenediamine-tetra-
acetic acid.

established as a valuable tool, since it is well suited to
provide fundamental structural and thermodynamic
information on anisotropic membrane structures. An
attractive feature of 2H NMR, is that the selective deu-
teration of phospholipid molecules allows the study of
a particular class of lipid (PC, PE, PS, PG .. ) at specif-
ic sites, located either in the polar region of the bilayer
or in the hydrophobic core.

Most of the previous “H NMR studies of protein/
lipid interactions have been concerned with zwitterio-
nic phospholipids {PC, PE) mainly deuterated on the
fatty acyl chains (for a review see Seelig and Seelig
1980; Devaux 1983; Davis 1983; Bloom and Smith
1985), and more rarely the polar moiety (Tamm and
Seelig 1983; Dempsey et al. 1986; Ryba et al. 1986). The
general feature of these experiments, is that the incor-
poration of large integral membrane proteins such as
cytochrome oxidase (Tamm and Seelig 1983), rhodop-
sin (Bienvenue et al. 1982) or Ca?* ATPase (Seelig et
al. 1981) does not produce significant variations of the
deuteron order parameter, although a consequent
broadening of the resonance line could be detected.
Recently several laboratories have undertaken the in-
vestigation of the interaction between proteins and
anionic lipids such as PG and PS. These studies have
indicated that the polar moiety of negatively charged
lipid is quite sensitive to the membrane interaction
with amphiphilic peptides (Six] and Watts 1985) and
peripheral proteins (Sixl et al. 1984). Devaux et al.
(1986) have reported *H NMR results concerning the
interaction of PS with cytochrome c, leading to the
conclusion that the fatty acyl chain order of DMPS
was not significantly perturbed, but that one of the
quadrupolar splittings of the PS headgroup deuterons
was affected to a measurable degree. Most “H NMR
studies of protein/lipid interactions have involved
reconstituted systems with large natural membrane
proteins, and there is a lack of available data obtained
from simple well-defined model systems. Polylysines
have been used as models of extrinsic protein (De
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Kruijff and Cullis 1980; Hartmann and Galla 1978).
The present paper describes experiments performed
with pentalysine. In the experiments reported here,
DMPS was diluted in DMPC bilayers, in order to
increase the peptide/PS ratio while maintaining a rea-
sonable total peptide to lipid ratio. Such a procedure,
leading to a decrease of free (non-interacting) PS,
should i) optimize the detection of a PS/peptide com-
plex, if it exists ii) facilitate the separation of specific
lipid/peptide interactions from bulk lipid phase per-
turbations by “control” experiments with headgroup
deuterated DMPC.

Materials and methods
Lipids and peptides

DMPC was purchased from SIGMA and pentalysine
(acetate form) from BACHEM. Headgroup deuterated
DMPC and DMPS were, prepared according to the
procedures described by Roux et al. (1983) and Roux
and Neumann (1986), respectively. In the following,
these compounds will be denoted as:

O(0)P(0)0 —CD, —CH, — N(CH,), DMPCa—CD,
O(0)P(O)O—-CH,—-CD,—N(CH;), DMPCp—-CD,
O(0O)P(O)O—-CD,—CH—(NH,)COOH DMPSa—-CD,
O(0O)P(0)O—-CH,—CD—(NH,)COOH DMPSf—-CD

Binding experiments

The sample preparation was the same as those used for
the NMR experiments, except that the dried lipid mix-
tures (6.25 pmol) were dispersed in Tris buffer (50 mM,
pH 7.5, 40 mM NaCl, 1 mM EDTA) containing ap-
propriate amounts of pentalysine. The final volume of
added buffer was 200 pl, leading to a lipid concentra-
tion of 37.5 mM. After the centrifugation step, the
amount of bound pentalysine was determined from
the amount of free peptide remaining in the super-
natant as determined by the Lowry assay (optical ab-
sorption at 750 nm) (Lowry et al. 1951). Tris buffer was
used in order to avoid the side reaction of the Hepes
buffer occurring in the Lowry assay.

Sample for NMR experiments

Liposomes were prepared by mixing appropriate
amounts of DMPC (93 mg in chloroform) and DMPS
(20 mg in chloroform/methanol 9:1). Solvents were
removed by evaporation under reduced pressure and
the solid residue dried under high-vaccum for 15 min.
The residue was then dissolved in pure chloroform, the
solvent evaporated, and the resulting lipids dried un-

der high vacuum (10”2 mm Hg) for 12 h. The lipids
were then dispersed in 200 pl Hepes buffer (50 mM in
deuterium depleted water, pH 7.5, 40 mM NaCl,
1 mM EDTA) at 50 °C, with continuous vortexing. Af-
ter stepwise addition of 3.8 ml of excess buffer (total
volume 4 ml), the resulting samples were submitted to
five freezing (liquid nitrogen) and thawing (50 °C) cy-
cles, and centrifuged at 30°C (45,000 rpm, 2 h), NMR
experiments were then carried out on the pellet. The
concentration of total lipid in the pellet was about
150 mM. The pentalysine-containing samples were
prepared by lyophilization of the pellet, followed by
rehydration of the dry lipid powder with the same
volume of pure deuterium-depleted water, containing
appropriate amounts of peptide. The resulting suspen-
sions were then submitted to extensive freezing-and-
thawing, and transferred into the NMR tube
(Method 1). Some samples were also prepared without
lyophilization, by simply adding an appropriate
amount of a buffer solution of the peptide to the
pellet, followed by extensive freezing-and-thawing
(Method 2). All the peptide-containing samples were
prepared by method 1 unless otherwise stated in the
text.

NMR experiments

ZH NMR experiments were done at 46 MHz on a
Bruker MSL-300 spectrometer with a spectral width
of 83.3kHz. A quadrupolar echo pulse sequence
(Davis et al. 1976) was employed with a repetition time
of 100 ms. The pulse length and the pulse separation
were respectively 5.5us and 120 us. A home-built
H NMR spectrometer described elsewhere (Davis
1979) was also used, with a spectral width of 250 kHz
and a pulse separation and recycling delay of respec-
tively 3 ps, 50 ps and 125 ms. Deuterium spectra were
recorded with the Bruker MSL-300 unless otherwise
stated in the text.

The 2H NMR signals were shifted by some fraction
of the dwell time to ensure that the Fourier Transform
started precisely on top of the quadrupolar echo
(Davis et al. 1976). *'P NMR experiments were run at
81 MHz (Bruker WP-200) in 15 mm diameter tubes
with proton broadband decoupling of 2 W raised to
8 W during the acquisition. We used a spectral width
of 31.2 kHz, with a single 90° pulse of 15ps and a
recycling time of 1 s.

Results
Binding studies

The binding data of pentalysine obtained with DMPC
and DMPC:DMPS 5:1 liposomes, are displayed in
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Fig. 1. Binding of pentalysine to DMPC (cross) and
DMPC/DMPS 5:1(m:m) (filled circle) as a function of the
amount of peptide present in the lipid dispersion. The solid curve
is the result of a fit (see discussion) done with the data depicted
by the filled circle. The units are expressed in lysine monomer per
lipid molecule. The total lipid concentration was 37.5 mM
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Fig. 2 a—c. 3'P NMR spectra of pure DMPC bilayers (a), and
DMPC DMPS/5:1 (m:m) bilayers recorded either in the ab-
sence (b) or m the presence (¢) of pentalysine with a lipid to
peptide molar ratio of 6:1.5. Measuring temperature was 34°C

Fig. 1 with a plot of the amount of membrane-bound
pentalysine versus the total amount of peptide present
in the membrane suspension. The units were obtained
by calculating the amounts of bound and total lysine
monomer per lipid molecule. A significative binding of
pentalysine is observed only with DMPS-containing
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Fig. 3a—f. 2ZHNMR spectra at 46 MHz of DMPC 2-CD,
(a,¢,¢) and -CD, (b,d,f) recorded from DMPC (a,b) or
DMPC/DMPS 5:1 (m:m) bilayers either in the absence (c, d) or
the presence (e, f) of pentalysine with a lipid to peptide molar
ratio of 6:1.5. Measuring temperature was 34°C

liposome. The binding curve displayed in Fig. 1 for the
DMPC/DMPS 5:1 membranes show, that within the
experimental error, a plateau is observed for a lysine to
lipid ratio close to 0.2, corresponding to a lysine
monomer to PS ratio of 1.2. Figure 1 also shows that
for a total lysine to lipid ratio of 0.5 (0.6 pentalysine per
DMPS), the saturation conditions are almost
achieved.

31P NMR experiments

Pure DMPC membranes exhibit a typical axially sym-
metric powder spectrum (Fig. 2a). The spectral line-
shape (Fig. 2b) of the negatively charged membranes
of DMPC/DMPS 5:1 (m:m) is different insofar as the
resonance intensities of the low-field shoulder are de-
creased. The incorporation of pentalysine (Fig. 2¢) re-
sults in a more classical bilayer pattern. Within the
limits of the experimental resolution, the chemical shift
anisotropies are not changed by the incorporation of
DMPS either in absence or presence of pentalysine.

Headgroup deuterated DMPC

Figure 3 displays ?H NMR spectra (46 MHz) of head-
group deuterated DMPC either pure or mixed with
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DMPS and pentalysine. The spectra of Fig. 3a and b
recorded from pure DMPC membranes exhibit the
standard feature of Pake doublet powder spectra aris-
ing from a superposition of randomly oriented
bilayers. The two sharp features, often called the
“edges” of the spectrum arise from bilayers whose nor-
mals are perpendicular to the external magnetic field,
i.e. those for which the magnetic field is parallel to the
bilayer surface. Their separation defines the “quadru-
polar splitting” of the spectrum. The weaker rounded
features which are separated by twice the splitting are
called the “shoulders” of the spectrum. The deuterium
spectrum of the «-CD, methylene group, recorded
with the DMPC/DMPS 5:1 membranes in the ab-
sence of pentalysine (Spectrum c), is appreciably differ-
ent from a typical powder lineshape. The intensities of
the shoulders are considerably lower than those of a
classical powder type spectrum. This effect is less pro-
nounced for the DMPC $-CD, (Spectrum d). This
particular result may be due to a lack of reproduc-
ibility in the sample preparation. Other experiments
performed with acyl chains perdeuterated DMPC/
DMPS membranes (M. Roux, unpublished results)
show that classical powder pattern and lineshape with
reduced shoulders may both be obtained, depending
on the preparation procedure. Classical powder line-
shapes are clearly observed for both methylene groups
with pentalysine containing samples (Spectra e, ). The
large isotropic peaks occurring for these samples,
which are less important in the corresponding phos-
phorus spectra, are mainly due to the natural abun-
dance of deuterium in water. As shown in Table 1, the
incorporation in DMPC bilayer of 0.2 mol DMPS in-
duce an increase (24%) and a decrease (21%) of the
a-CD, and p-CD, quadrupolar splittings, respective-
ly. The main result is that no variations of either the
DMPC a and § quadrupolar splittings are detected
after addition of pentalysine to the mixed DMPC/
DMPS bilayers.

Headgroup deuterated DMPS

Deuterium NMR spectra of headgroup deuterated
Phosphatidylserine in the bilayer state, show two
distinct quadrupolar splittings for the «-CD, methy-
lene (9 and 3.1 kHz) (Fig. 4a) and one splitting for the
B group (13.6 kHz) (Fig. 4b). The occurrence of two
Pake doublets for the o methylene is due to the in-
equivalence of the two deuterons of the CD, group
(Browning and Seelig 1980). In agreement with pre-
vious observations (Browning and Seelig 1980; Roux
and Neumann 1986), the deuterons of both the o and f§
group of the serine moiety exhibit smaller quadrupolar
splittings in bilayers containing phosphatidylcholine
than in pure phosphatidylserine membranes. The

DMPS oa—CD, DMPS B-CD

DMPC / DMPS 5:1 |
+
Pentalysine

DMPC / DMPS 5:1

-20 0 20 -30 0 30
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Fig. 4 a—d. 2H NMR spectra at 46 MHz of DMPS «¢-CD, (a, ¢)
and §-CD (b, d) in bilayers of DMPC/DMPS 5:1 (m:m), record-
ed either in the absence (a, b) or the presence (¢, d) of pentalysine
with a lipid to peptide molar ratio of 6:1.5. Measuring tempera-
ture was 34°C. NMR spectra of DMPS -CD were obtained
with the home-built spectrometer (see Materials and methods)

Table 1. Deuterium quadrupolar splittings (KHz) of headgroup
deuterated DMPC and DMPS obtained by peak-to-peak mea-
surements from the ?H NMR spectra

DMPC:DMPS: Pentalysine mole ratio

5:0:0 5:1:0 5:1:015 5:1:1.5

DMPC

o-CD, 5.8 7.3 - 7.3
p-CD, 4.8 38 - 3.6
DMPS

a-CD, external 9.0 10.5 11.0
a-CD, internal 3.1 30 30
B-CD 13.6 - 14.6

shape of NMR spectra of the DMPS headgroup in
mixed DMPC/DMPS bilayers (Fig. 4a and b) are sim-
ilar to those of DMPC headgroup presented above
(Fig. 3¢) i.e. the external shoulders are not clearly de-
tected. The incorporation of pentalysine in the
DMPC/DMPS 5:1 (m:m) affects both the size of the
quadrupolar splittings and the lineshape of the NMR
spectra (Fig. 4c and d, and Table 1). The value of the
B-CD and external -CD, quadrupolar splittings mea-
sured in the presence of an excess of pentalysine
(1.5mol for 1mol PS), are respectively 14.6 and
11 kHz and are higher than those observed in the ab-
sence of the peptide. The internal quadrupolar split-
ting is not affected by the addition of pentalysine. In-
termediate concentrations of pentalysine give «-CD,
spectra similar to those displayed in Fig. 4 ¢, although



the external quadrupolar splitting is smaller (10.5 kHz
for a peptide/PS ratio of 0.15, data not shown). The
NMR spectra of DMPS head-group deuterons
recorded after addition of pentalysine gave more clas-
sical Pake doublet powder lineshapes, in particular the
shoulders are clearly detected, for both lyophilized
(Method 1) (Spectra ¢, d) and unlyophilized samples
(Method 2) (not shown).

Discussion

Polylysines do not bind to zwitterionic membranes
such as pure phosphatidylcholine bilayers. De Kruijff
et al. (1985) showed that polylysines were able to bind
to negative cardiolipin-containing membranes only if
the peptide molecules consist of at least three
monomets {n=3). These authors showed that the dis-
sociation constant of pentalysine (n = 5) for cardiolipin
was 0.18 mM, and observed a plateau for about two
lysine residues per cardiolipin molecule, correspond-
ing to an equimolar amount of positive and negative
charges. A quantitative analysis of our PC/PS binding
data’ leads to a dissociation constant K%°? of 28 (+ 18)
uM, and to a value of 26 (4 1) lipids by peptide in the
saturation limit, i.e. one pentalysine binding site
should contains 21.7 DMPC and 4.3 DMPS. Such a
picture of the pentalysine binding site scems consistent
if we consider that one pentalysine molecule contains
five net positive charges and should therefore be able
to bind five molecules of DMPS. Our binding studies
show also that saturation is almost obtained for a
pentalysine to PS ratio of about 0.5 indicating that, in
these conditions, most of the PS binding sites are oc-
cupied. It is thus very likely that the NMR data pre-
sented here were recorded under saturation conditions
since the DMPC/DMPS 5:1 samples used for the ex-
periments contained 1.5 pentalysine per DMPS mole-
cule.

The addition of pentalysine to DMPC/DMPS 5:1
(m:m) membranes affects lineshapes of both phos-
phorus and deuterium spectra of either PC or PS deu-
terated headgroup, by cancelling the 90° edge en-
hancement observed with such membranes in the
absence of peptide. *'P and 2H NMR lineshapes simi-

! Such an analysis was achieved by a Gauss-Newton fit (Daniel
and Wood 1971) of the data, by the expression:

o _ MI[P]
d [MP] s

where [P] and [MP] are respectively the experimental concen-
trations of free and bound peptides. The concentration of free
“membrane sites” [M] is defined by [M]=[L]/n, where [L] is
the lipid concentration and the n the number of lipids per site
(Devaux and Seigneuret 1985). The fitted parameters are KiP?
and n.
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lar to those obtained with the DMPC/DMPS 5:1
(m:m) dispersions in the absence of pentalysine, have
already been reported for POPE/POPG (Seelig et al.
1985) and sphingomyelin (Speyer et al. 1987) mem-
branes. In both cases, the authors claimed that these
particular lineshapes were due to a magnetic orien-
tation of the phospholipid bilayers. A preferred bilayer
alignment with the membrane surface parallel to the
magnetic field would induce a simultaneous increase
of the 90° peak and decrease of the 0° shoulder of the
bilayer pattern, and therefore lead to NMR spectra
similar to those obtained for the DMPC/DMPS 5:1
(m:m) lipid mixture. Indeed, the fact that these non-
bilayer lineshape are observed at the same time for the
*I'P NMR spectrum and almost all 2H NMR spectra
of deuterated headgroups of DMPC/DMPS 5:1 mem-
branes, suggests that these effects are related to a mac-
roscopic perturbation of the bilayers. Magnetic field-
induced orientation of phospholipid membranes has
been clearly demonstrated by microscopy experiments
(Boroske and Helfrich 1978). The observations were
consistent with the assumption that magnetic orien-
tation arose from the negative anisotropic susceptibil-
ity of the lipid molecules, resulting in a preferred orien-
tation of the hydrophobic chains perpendicular to the
direction of the magnetic field. Since spherical vesicles
cannot give any preferred orientation, membrane
alignment is related to the bilayer ability to adopt a
non-spherical shape (Speyer et al. 1987). Atkinson et
al. (1974) have shown that due to repulsive interactions
at low ionic strength, negative phosphatidylserine
bilayers exhibit a pronounced swelling (i.e. continuous
hydration), leading to large quasi-unilamellar vesicles.
Thus, the incorporation of negatively charged
DMPS in DMPC bilayers may likewise induce the
formation of such vesicles, which, because of their
“flexible” structure, could more readily be oriented in
the magnetic field than “stacked” neutral liposomes of
pure DMPC. In this context, the pentalysine-induced
“non-oriented” powder lineshape may be due to a
screening effect of this peptide upon the negatively
charged bilayer, leading to a reduction of the water
layer and a formation of multilamellar liposomes.
Cation-induced screening effects of negatively charged
PS bilayers have been observed previously and dis-
cussed in X-ray (Hauser and Shipley 1983) and NMR
studies (Roux and Neumann 1986). At this point, we
wish to underline that an orientation dependence of T,
could also lead to an increase of the edge intensity
relative to the shoulders. Moreover, Bloom and Sternin
(1987) have shown that in DPPC bilayers, the deute-
rium T, measured on the acyl chains were affected by
slow motions probably related to the lateral diffusion
of the lipid molecules around the membrane surface.
Thus, one could also expect that the macroscopic
changes such as those observed with charged bilayers
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may influence the T, of the lipid deuterons. At the
present time, the influence of an orientation dependence
of T, in the perturbations of both 3'P and ?H NMR
spectral lineshapes cannot be ruled out.

In any case, the lineshape changes described above
have a negligible influence on the determination of the
deuterium quadrupolar splittings of the DMPC and
DMPS headgroups. It is remarkable that the choline
headgroup splittings remain unchanged upon binding
of pentalysine to phosphatidylcholine-containing mem-
branes. These results are surprising since previous in-
vestigations have shown that the quadrupolar split-
tings of the choline headgroup are very sensitive to the
presence of charged species such as ions (Akutsu and
Seelig 1981; Altenbach and Seelig 1985), tetracaine
(Boulanger et al. 1981) or acidic phospholipids (Sixl
and Watts 1983). Seelig et al. 1987 have discussed the
sensitivity of the PC headgroup to these various
charged molecules, in terms of electrostatic effects of
their net charges, on the choline dipole. In this context,
the headgroup quadrupolar splittings of DMPC
should have been also affected by the cationic charges
of membrane-bound pentalysine. Pentalysine interacts
externally with the membrane surface, and the lack of
variation of the PC splittings observed in the presence
of this peptide may be due to a weaker bilayer penetra-
tion of the lysine cationic groups inside the bilayer.
Indeed, the hydrophobic core of tetracaine and anionic
lipids lead them to partition into zwitterionic PC
bilayers, and to interact closely, from the inside of the
bilayer, with the choline headgroup. Likewise, small
inorganic cations, which are already able to bind to
pure PC membranes (Cunningham et al. 1986 and ref-
erences therein), may penetrate more deeply into the
bilayer than bulky peptide molecules.

The PS headgroup is expected to be more sensitive
to the binding of pentalysine than the choline moiety,
since the binding of this peptide requires the presence
of negatively charged lipid such as the PS molecule. As
shown by the binding studies, each DMPS molecule
should interact with almost one pentalysine NHZ
group under the conditions used during the NMR ex-
periments. Yet, the deuterium NMR spectra recorded
from headgroup deuterated DMPS do not indicate
dramatic changes of the quadrupolar splittings of the
serine headgroup. The spectra displayed in Fig. 4 do
not reveal the presence of two components in slow
exchange, so that any hypothetical PS/pentalysine
complexes are short lived on the NMR time-scale. As
in the study of Devaux et al. (1986) with cytochrome c,
only one of the 2-CD, quadrupolar splittings is modi-
fied by the addition of peptide to DMPC/DMPS 5:1
{m:m). It is interesting to note that the results obtained
with cationic pentalysine are quite different from those
observed after adsorption of lithium ions at the surface
of PC/PS membranes, for which a large reduction

(40%) of the internal o splitting was obtained (Roux
and Neumann 1986). Thus, the interaction of the PS
head-group with the small cation Li*, induces larger
splitting perturbations than those detected in the pres-
ence of a large peptidic molecule. More experimental
studies are required on PS headgroup, in order that
the results obtained with pentalysine or other charged
peptides may be properly interpreted in terms of mo-
lecular reorganization of the phospholipid head-
groups.

Acknowledgements. We thank Professor Pieter Cullis for provid-
ing us with laboratory facilities required for the binding studies
and the Phosphorus NMR experiments. We also thank Paulette
Hervé for her helpful assistance in the deuterated lipid synthesis.
This work was supported by grants from the CNRS (UA 526),
the Université Paris VII and the Commissariat 4 I'Energie
Atomique.

References

Akutsu H, Seelig J (1981} Interaction of metal ions with phos-
phatidylcholine bilayer membranes. Biochemistry 20:7366—
7373

Altenbach C, Seelig J (1985) Binding of the lipophilic cation
tetraphenylphosphonium to phosphatidylcholine mem-
branes. Biochim Biophys Acta 818:410—-415

Atkinson D, Hauser H, Shipley GG, Stubbs JM (1974) Structure
and morphology of phosphatidylserine dispersions. Biochim
Biophys Acta 339:10-29

Bienvenue A, Bloom M, Davis JH, Devaux PF (1982) Evidence
for protein-associated lipids from deuterium magnetic reso-
nance studies of rhodopsin-dimyristoylphosphatidylcholine
recombinants. J Biol Chem 257:3032-3038

Bloom M, Smith ICP (1985) Manifestations of lipid-protein in-
teractions in deuterium NMR. In: Watts A, De Pont
JJHHM (eds) Progress in lipid-protein interactions, vol L.
Elsevier, Amsterdam, pp 68—-88

Bloom M, Sternin E (1987) Transverse nuclear spin relaxation in
phospholipid bilayer membranes. Biochemistry 26:2101—
2105

Boroske E, Helfrich W (1978) Magnetic anisotropy of egg leci-
thin membranes. Biophys J 24:863—868

Boulanger Y, Schreier S, Smith ICP (1981) Molecular details of
anesthetic-lipid interactions as seen by deuterium and
phosphorus-31 nuclear magnetic resonance. Biochemistry
20:6824-6830

Browning JL, Seelig J (1980) Bilayers of phosphatidylserine: a
deuterium and phosphorus nuclear magnetic resonance
study Biochemistry 19:1262-1270

Cunningham BA, Shimotake JE, Tamura-Lis W, Mastran T,
Kwok WM, Kauffman JW, Lis LY (1986) The influence of ion
species on phosphatidylcholine bilayer structure and pack-
ing, Chem Phys Lipids 39:135-143

Daniel C, Wood F (1971) (eds) Fitting equations to data. Wiley-
Interscience, New York

Davis JH (1979) Deuterium magnetic resonance of the gel and
liquid crystalline phases of dipalmitoylphosphatidylcholine.
Biophys J 27:339--358

Davis JH (1983) The description of membrane lipid conforma-
tion, order and dynamics by deuterium NMR. Biochim Bio-
phys Acta 737:117-171



Davis JH, Jeffrey KR, Bloom M, Valic MI, Higgs TP (1976)
Quadrupolar echo denteron magnetic resonance spectrosco-
py in ordered hydrocarbon chains. Chem Phys Lett
42:390-394

De Kruijff B, Cullis PR (1980) The influence of poly (L-lysine) on
phospholipid polymorphism. Evidence that electrostatic
polypeptide-phospholipid interactions can modulate bilayer/
non-bilayer transitions. Biochim Biophys Acta 601:235-240

De Kruijff B, Rietveld A, Telders N, Vaandrager B (1985) Molec-
ular aspects of the bilayer stabilization induced by poly
(L-lysines) of varying size in cardiolipin liposomes. Biochim
Biophys Acta 820:295-304

Dempsey CE, Ryba NJP, Watts A (1986) Evidence from deute-
rium magnetic nuclear resonance for the temperature-
dependent reversible self-association of erythrocyte Band 3
in dimyristoylphosphatidylcholine bilayers. Biochemistry
25:2180-2187

Devaux PF (1983) ESR and NMR studies of lipid-protein inter-
actions in membranes. In: Berliner 1.J, Reuben J (eds) Bio-
logical magnetic resonance, vol V. Plenum Press, New York,
pp 183-299

Devaux PF, Seigneuret M (1985) Specificity of lipid-protein in-
teractions as determined by spectroscopic techniques. Bio-
chim Biophys Acta 822:63—125

Devaux PF, Hoatson GL, Favre E, Fellmann P, Farren B,
Mc Kay AL, Bloom L (1986) Interaction of cytochrome ¢ with
mixed dimyristoylphosphatidylcholine-dimyristoylphosphat-
idylserine bilayers: a deuterium magnetic resonance study.
Biochemistry 25:3804~3812

Hartmann W, Galla HJ (1978) Binding of polylysine to charged
bilayer membranes. Molecular organization of a lipid/
peptide complex. Biochim Biophys Acta 509:474-490

Hauser H, Shipley GG (1983) Interactions of monovalent
cations with phosphatidylserine bilayer membranes. Bio-
chemistry 22:2171-2178

Lowry OH, Rosebrough HG, Farr AL, Randall RJ (1951) Pro-
tein measurement with the folin phenol reagent, J Biol Chem
193:265-275

Roux M, Neumann JM (1986) Deuterium NMR study of head-
group deuterated phosphatidylserine in pure and binary
phospholipid bilayers. Interactions with monovalent cation
Na* and Li*. FEBS Lett 199:33-38

273

Roux M, Huynh-Dinh T, Igolen J, Prigent Y (1983) Simple
preparation of 1,2-dipalmitoyl-sn-glycero-3-phosphoric acid
and deuterated choline derivatives. Chem Phys Lipids
33:41-45

Ryba NJP, Dempsey CE, Watts A (1986) Protemn-lipid interac-
tions at membrane surface: a deuterium and phosphorus
nuclear magnetic resonance study of the interaction between
bovine rhodopsin and the bilayer headgroups of dimyristoyl-
phosphatidylcholine. Biochemistry 25:4818-4825

Seelig J, Seelig A (1980) Lipid conformation in model mem-
branes and biological membranes. Q Rev Biophys 13:19-61

Seelig J, Tamm L, Hymel L, Fleischer S (1981) Deuterium and
phosphorus nuclear magnetic resonance and fluorescence
depolarization studies of functional reconstituted sarco-
plasmic reticulum membrane vesicles. Biochemistry
20:3922-3932

Seelig J, Borle F, Cross TA (1985) Magnetic ordering of phos-
pholipid membranes. Biochim Biophys Acta 814:195-198

Seelig J, Macdonald PM, Scherer PG (1987) Phospholipid head
groups as sensors of electric charges in membranes. Bio-
chemistry 26:7535-7541

Sixl F, Watts A (1983) Headgroup interactions in mixed phos-
pholipid bilayers. Proc Natl Acad Sci USA 80:1613-1615

Sixt F, Watts A (1985) Deuterium and phosphorus nuclear mag-
netic resonance studies on the binding of polymyxin B to
lipid bilayers-water interfaces. Biochemistry 24:7906—-7910

Sixl F, Brophy PJ, Watts A (1984) Selective protein-lipid interac-
tions at membrane surfaces: a deuterium and phosphorus
nuclear magnetic resonance study of the association of mye-
lin basic protein with the bilayer headgroups of dimyristoyl-
phosphatidylcholine and dimyristoylphosphatidylglycerol.
Biochemistry 23:2032-2039

Speyer JB. Sripada PK, Das Gupta SK, Shipley GG, Griffin RG
(1987) Magnetic orientation of sphingomyelin-lecithin
bilayers. Biophys J 51:687-691

Tamm L, Seelig J (1983) Lipid solvation of cytochrome ¢ oxidase.
Deuterium, nitrogen, and phosphorus-31 nuclear magnetic
resonance studies on the phosphocholine head-group and
on cis-unsaturated fatty acyd chains. Biochemistry 22:
1474—1483



