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Lysozyme, cytochrome ¢, poly(L-lysine), myelin basic protein and ribonuclease were used to form multilayer
dispersions containing about 50% protein (by weight) with bovine brain diacyl phosphatidylserine (PS). 3'P
nuclear magnetic resonance shift anisotropies, spin-spin (7,) and spin-lattice (7,) relaxation times for the
lipid headgroup phosphorus were measured at 36.44 MHz. At pH 7.5, lysozyme, cytochrome ¢, poly(L-lysine)
and ribonuclease were shown to increase the chemical shift anisotropy of PS by between 12-20%. Myelin
basic protein altered the shape of the phosphate resonance, suggesting the presence of two lipid components,
one of which had a modified headgroup conformation. The presence of cytochrome ¢ led to the formation of
a narrow spike at the isotropic shift position of the spectrum. Of the various proteins or peptides we have
studied, only poly(L-lysine) and cytochrome ¢ had any effect on the T, of PS (1050 ms). Both caused a
20-30% decrease in T, of the lamellar-phase phosphate peak. The narrow peak in the presence of
cytochrome ¢ had a very short T, of 156 ms. The possibility is considered that the cytochrome Fe3*
contributes to the phosphate relaxation in this case. The effect of all proteins on the T, of the phosphorus
resonance was to cause an increase from the value for pure PS (1.6 ms) to between 2 and 5 ms. The results
obtained with proteins are compared with the effects of small ions and intrinsic membrane proteins on the
order and motion of the headgroups of lipids in bilayers.

Introduction

The interactions which occur between proteins
and lipids within biomembranes determine not
only the structural characteristics of the mem-
branes but also the function of many of the mem-
brane proteins. Studies of intrinsic membrane pro-
teins have revealed that subtle changes in the lipid
environment may be reflected in changes in the
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protein activity. For example, B-hydroxybutyrate
dehydrogenase is activated only in the presence of
phosphatidylcholines. The activities of several
other intrinsic proteins depend on the physical
properties of the bilayers to which they are bound.
Water-soluble enzymes have also been shown to
have modified activity when bound to membrane
surfaces [1].

The effects of numerous intrinsic proteins on
the order and mobility of lipid molecules in bi-
layers have been described. Many, but not all [2],
of these proteins minimally perturb the rapid mo-
tions or order of either the acyl-chain or headgroup
atoms. For most intrinsic proteins this result is



understandable in that their retention in the bi-
layer depends primarily on nonspecific hydro-
phobic interactions with the bilayer hydrocarbon
milieu. Extrinsic membrane proteins, by contrast,
are assumed to bind through interactions with
polar groups at the bilayer surface. Therefore, one
might expect to find, particularly with highly basic
polypeptides, considerable restrictions in the
headgroup motion of acidic lipids.

In an initial attempt to characterize the interac-
tions between lipids and extrinsic proteins, we
have examined the binding to phosphatidylserine
bilayers of several basic proteins, including the
basic protein of myelin. Myelin basic protein is
believed to bind directly to lipids in vivo, rather
than to other membrane-bound proteins.

Materials and Methods

Diacylphosphatidylserine * (PS) was isolated by
ion-exchange chromatography following Rouser et
al. [3]. The material applied to the DEAE-cellulose
column was either a chloroform/methanol (2:1)
extract of fresh bovine brains or crude PS pre-
pared from the ‘cephalin’ fraction of Folch [4].
Most of the PS was eluted with glacial acetic acid.
The purity of the lipid was assessed by thin-layer
chromatography on silica gel plates using chloro-
form/methanol /acetic acid/water (25:15:4:2,
v/v) or chloroform/ methanol/ ammonia
(60:35:5) as solvent. No impurity could be de-
tected by charring with 25% sulphuric acid when
typically 100 pg was applied to the plate. Colori-
metric protein analyses of lipid dissolved in dode-
cyl sulphate showed that there was less than 0.01 g
protein /g lipid.

Myelin basic protein was prepared from fresh
bovine brains [S]. Egg-white lysozyme (Grade I),
calf-thymus histone (Type IIS), horse-heart cyto-
chrome ¢ (Type III) and poly(L-lysine) (Type II,
M, 100-4000) were all purchased from Sigma
Chemical Co., St. Louis, MO, U.S.A.

* Initially this lipid was prepared by chromatography of bovine
brain extract 111 (Sigma Chemical Co., St. Louis) on DEAE-
cellulose. However, the material prepared in this manner was
brown and gave short, variable spin-lattice relaxation times.
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Formation of lipid-protein complexes

Purified PS was dried from chloroform solu-
tion, first by evaporation of solvent under nitro-
gen, and then by placing under vacuum for 4-6 h.
Protein dissolved in 3 ml 0.1 M Tris (pH 7.5)/1
mM EDTA /2 mM sodium azide was added to the
dry lipid and the mixture was dispersed by vortex-
ing, and freezing and thawing, under nitrogen.
Lipid and protein concentrations were both near
60 g- 17! in the dispersions.

The dispersions were applied to the tops of
0-60% (w/v) linear sucrose density gradients made
up in the Tris/EDTA buffer. The tubes, contain-
ing approximately 38 ml, were centrifuged at 4°C
at 85000 x g,, in a Beckman SW 27 rotor. In
initial experiments, centrifugation was for 18-24
h, but equilibrium banding was achieved with the
lipid-protein complexes (but not lipid alone) within
5 h and in later experiments centrifugation was for
4-5 h. Following centrifugation, the gradients were
collected in 1 ml fractions. After addition of
sodium dodecyl sulphate to a final concentration
of 1%, aliquots of these fractions were assayed
colorimetrically for protein [6] and for phosphorus
[7]. Sucrose concentrations in protein- and lipid-
free solutions were determined by refractometry.

Lipid and lipid-protein complexes taken from
the density gradients were dialysed for 24 h at 4°C
against several changes of Tris/EDTA buffer, to
remove sucrose. The dialysed complexes were
centrifuged in buffer at 105000 X g,, in a Beck-
man 50 Ti rotor. After centrifugation for 1 h, the
lipid-protein pellets contained 50-60% by weight
of buffer, but the protein-free PS still contained
85% buffer after 12 h.

All samples were used immediately for NMR
experiments, or stored under nitrogen at —30°C.

Nuclear magnetic resonance measurements

The sedimented samples were transferred to
10-mm NMR tubes either by using a spatula and
then gently centrifuging the NMR tubes, or by
simply sliding the cellulose nitrate centrifuge tubes
into the NMR tubes. *’P-NMR spectra were re-
corded at 36.44 MHz on a Bruker CXP100 spec-
trometer. The spectra were obtained using a (90°
~ 7~ 180° ~ 7 ~ FID) pulse sequence to prevent
distortion of the *'P signal by receiver dead-time.
A 90° pulse of 8 us, a repetition time of 4 s, and
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15 W of proton decoupling power were employed
to obtain the spectra.

Spin-lattice relaxation times were obtained using
the inversion-recovery method with a waiting time
of approximately 47, between pulses. Generally
12-20 delay times ranging from 1 ms to 2500 ms
were used. As the spin-lattice relaxation time may
be anisotropic, the peak heights were measured at
the major (o,) and at the shoulder (o) peak
positions. The peak heights and delay times were
fitted to a single exponential function to obtain
the corresponding relaxation times.

Spin-spin relaxation times were measured by
varying the delay () between pulses in a (90° ~ 7
~ 180° ~ 7 ~ FID) pulse sequence with delay times
in the range 0.1-12 ms.

All of the spectra were accumulated at 300 £ 1
K. In several experiments spectra were obtained
for identical masses of lipid with and without
protein, to permit a comparison of the absolute
spectral intensities.

Chemical shift anisotropies were calculated by
fitting simulated spectra to those obtained experi-
mentally.

Results

The lipid-protein recombinants differed sub-
stantially in macroscopic appearance from the pure
lipid. Whereas removal of the solvent from the
pure PS required extensive centrifugation, the pro-
tein-containing samples flocculated and sedi-
mented readily. Myelin basic protein and lyso-
zyme in particular gave very large aggregates which
excluded excess buffer.

When mixed in equal amounts by weight, the
proteins were found to be largely bound to lipid.
Unbound protein, which remained at the top of
the density gradients on centrifugation, rarely ex-
ceeded 20% of that originally in the dispersions
and it was typically less than 10%. No significant
amount of free lipid was found on the gradients
containing lipid-protein complexes. These observa-
tions were consistent with the results of the protein
and lipid analyses, which showed the recombi-
nants taken from the gradients to contain 39-52%
protein by weight of total solids: only recom-
binants with close to 50% protein were used for
NMR studies.

The lipid-protein complexes banded with ap-

parent densities in the range 1.15-1.17 g-17%
These densities were in accord with the measured
lipid and protein contents.

There was no evidence of dissociation of pro-
tein from the lipid-protein recombinants. The final
compositions were similar after 4 h or 24 h centri-
fugation in the density gradients, and no signifi-
cant amount of protein was lost in the subsequent
dialysis and centrifugation.

All available evidence suggests that the lipid
and proteins were intimately mixed in these com-
plexes. This point has been addressed specifically
for the myelin basic protein [8], but in the NMR
spectra (see below) no unperturbed PS was de-
tected in the presence of any of the proteins.

In some of the NMR experiments recombinants
were used which were prepared with the omission
of the density gradient centrifugation. The amounts
of the proteins remaining in the supernatants dur-
ing the final centrifugation were in agreement with
those observed at the top of sucrose density gradi-
ents in other experiments.

Chemical shift anisotropies

The pure lipid, PS-lysozyme, PS-ribonuclease
and PS-poly(L-lysine) spectra all had the axially
symmetric powder patterns characteristic of phos-
pholipid in the liquid-crystalline bilayer phase.
Examples of these spectra are seen in Figs. 1a and
1d for pure PS and PS-lysozyme, respectively. On
occasions the PS spectrum also contained a minor
peak located at the isotropic chemical shift posi-
tion which was thought to arise from the smaller
liptd aggregates. Due either to internal molecular
diffusion or to whole body tumbling, these aggre-
gates have the chemical shift anisotropy of their
phosphate groups averaged to zero. This isotropic
peak was removed by the addition of protein,
except with cytochrome c.

In all instances the addition of a protein or
peptide caused an increase in the measured chemi-
cal shift anisotropy (Table I). Comparison of the
spectral intensity of the phosphorus resonance
failed to show any loss of signal due to the intro-
duction of the proteins. In these spectra, the elec-
tronic asymmetry about the *'P nucleus and its
orientation to the average molecular long axis
combine to determine the observed chemical shift
anisotropy.
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A6 =-53ppm

e

PS+Lysozyme
A6 = -54ppm

Fig. 1. Examples of ' P spectra recorded at 36.44 MHz using 15 W of proton decoupling power and a 90° pulse duration of 8 us. The
pulse repetition rate was one per 4 s. All samples were run at 300 K and were dispersed in at least an equal weight of water to total
solids. (a) Pure PS; (b) PS plus 52% by weight of myelin basic protein; (c) PS plus 48% cytochrome ¢ by weight; (d) PS plus 48%

lysozyme by weight.

Myelin basic protein induced a substantial
change in the phosphorus resonance causing the
appearance of an intense broad peak in the centre
of the spectrum (Fig. 1b).

Cytochrome ¢ had a smaller overall effect on
the spectral shape (Fig. 1c), but, as mentioned in
the next section, caused large changes in the spin-
lattice relaxation time. De Kruijff and Cullis [9]
have found little change in the chemical shift
anisotropy on mixing cytochrome ¢ with phos-
phatidylserine, phosphatidylglycerol, phos-
phatidylethanolamine or phosphatidylcholine.

Relaxation times
Despite the effect of lysozyme, ribonuclease
and myelin basic protein on the chemical shift

anisotropy of PS, they produced little change in
the spin-lattice relaxation time of the phosphorus
nuclei (Table I).

By contrast, in the presence of cytochrome c or
poly(L-lysine), 7, was found to shorten. In the
presence of cytochrome ¢, PS showed two popula-
tions, both with substantially reduced relaxation
times. Of the two populations, one possessed the
chemical shift anisotropy similar to that of pure
PS and the other a chemical shift anisotropy which
was narrowed beyond the resolution of the spec-
trometer. Of all the proteins studied, cytochrome ¢
had the greatest effect on the relaxation rate of the
phosphorus atoms.

Considering the geometry of cytochrome ¢, the
nearest distance of approach of the paramagnetic
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TABLE 1

3'p CHEMICAL SHIFT ANISOTROPIES (CSA), SPIN-LATTICE RELAXATION TIMES (7;) AND SPIN-SPIN RELAXATION
TIMES (7,) FOR MULTILAMELLAR DISPERSIONS OF PHOSPHATIDYLSERINE WITH BASIC PROTEINS AND POLY-
PEPTIDES, OBTAINED AT 300 K

Protein added CsA? T,° T,*P
(ppm) (ms) (ms)
Pure phosphatidylserine —47+1(6) 1145+ 180(11) 1.61 +0.49 (4)
Bovine myelin basic protein -53 (3 1005+ 160 (3) 404402 (2)
2.1 +£0.2
(central component)
Ribonuclease -54 (3 1080+ 60 (3) 50 +1.0 (3)
Poly(L-lysine) -57 @ 790+ 80 (2) 35 6}
Lysozyme -5 998+ 44 (2) 4.0 +0.28(2)
Cytochrome ¢ -52 (3 693+102 (3) 2.3 +0.14(2)
156+ 13
(narrow component)
? 41 S.D. based upon the number of experiments indicated in parenthesis.
® The values given are for the ¢ , component.
Y=-R+(P+H)»vexp(-T/tau) (D)Y=H'e-p( T/taa?)
(q) H= 131.741 dH= 0% = IL000 db= 0,00
A= 91.986 dA= .05 tau= 325 dtan= 0,00
tau=1271.6€65 dtau= -.96 Erear ~um nf =quares=. 51F-0°
Error sum of squares=.47E+02 }
1 71 Yel)eept . Y{lirale
1 T(I) Y(I)expt. Y({Ilcalc. 1 L1ou 2.750 2721
1 1.000 -30.000 -91.811 2 200 oLaEn Z.a70
2 100.000 ~79.000 -75.067 : S0 1,250 1,827
3 200.000 -60.000 -59.427 4 I 1100 1ot
4 300.000 -44.000 -44.970 5 o600 -A00 2405
S 400.000 -32.500 -31.606 ¢ N 0 2D
€ 500.000 -13.000 -19.253 4o o
7 600.000 -7.000 -7.834 {" o -
¢ 700.000 2,000 2.721 { |
S 800.000 11,000 12,478 ! |
10 900.000 22.000 21.497 1
11 1000.000 33.000 29.834 |
12 1100.000 40.000 37.541 |
12 1200.000 45.000 44 .665
14 1400.000 55,000 57.337
15 1800.000 77.000 77.417 ‘
1€ 1600.000 68.500 68.165 . |
17 2000.000 35.000 85.323 ' I ,
18 2200.000 22000 32.078 : i
19 2400.000 97.000 97.¢51 | 1
20 2600.000 102.000 102.783 J
128 |
180 g 43/13"’/1
20 i !
] A |
Kl
4@ DQH
29| w
o Bga P0@ 2ARG T zeee
-20 gt ! e 3
-4
-€a -
-30 &d
-198

Fig. 2. Examples of ! P relaxation functions obtained using the same conditions described in the caption to Fig. 1 but using either an
inversion-recovery or spin echo pulse sequence. (a) Pure PS spin-lattice (7;) relaxation function obtained using 180° ~ 7 ~ 90°
inversion-recovery sequence; (b) pure PS spin-spin (T}) relaxation function obtained for the o | component of the spectrum using a
90° ~ 7 ~ 180° ~ 7 ~ FID pulse sequence.



Fe3* ion to the phosphate group is of the order of
1 nm. Assuming a spin diffusion coefficient [10] of
1017 m?/s, the effects of spin diffusion are ex-
pected to be felt on relaxation times longer than
approx. 50 ms.

This suggests that the shortened values of T,
observed with the addition of cytochrome ¢ to PS
derive a substantial contribution from the para-
magnetic relaxation of the Fe** centre which may
dominate any effects arising from a change in
conformation or the rate of reorientation of the
phosphate group. This interpretation is supported
by the insensitivity of T, to the addition of cyto-
chrome c. The spin-spin relaxation time would be
expected to shorten if the variation in 7 arose
from a dynamic effect. The reverse is not neces-
sarily true, in that quite substantial changes may
occur in 7, or the chemical shift anisotropy and
not be reflected in a change in 7). This reflects the
sensitivity of 7, to motion on the timescale of
1078 s, whereas T, is dominated by the slowest
motion present in the system. The increases seen
in T, with the addition of protein to PS indicate an
increase in the orientation rate of the slower
molecular motions undergone by the headgroup.
In the case of poly(L-lysine), there is the additional
effect that the intensity of motion on the shorter
timescale of 1078 s is slightly reduced. Examples
of the spin-spin and spin-lattice relaxation func-
tions are shown in Fig. 2.

Discussion

Ribonuclease, poly(L-lysine), lysozyme and cy-
tochrome c all produce an increase in the chemical
shift anisotropy of the *'P headgroup resonance of
PS. This indicated that the presence of these pro-
teins causes a change in the conformation or the
amplitude of motion of the lipid headgroup. In
addition to changing the chemical shift anisotropy,
they also produce an increase in T, although only
poly(L-lysine) and cytochrome ¢ have any signifi-
cant effect on 7,. The changes produced by the
protein are in all cases quite subtle and suggest a
slight restriction in the amplitude of motion un-
dergone by the headgroup in the presence of pro-
tein. This restriction is associated with a general
increase in the rate at which the slower modes of
reorientation undergone by the headgroup are oc-
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curring. By contrast, the more rapid rates of re-
orientation measured by 7, are essentially unal-
tered by these proteins. The dramatic reduction in
T, seen with cytochrome c is more likely to reflect
the paramagnetism of the Fe®* centre and not an
effect on the dynamics of the lipid headgroup.

As shown in Fig. 1b, myelin basic protein in-
duced a major conformational change in the PS
phosphate group: in some spectra the central peak
had a more clearly defined positive chemical shift
anisotropy. Similar spectral changes are induced
on formation of a hexagonal I phase structure
[11] and on changing the phosphorus orientation
in lamellar phase phospholipids [12]. The compo-
nent of the phosphorus signal which remained
with a negative chemical shift anisotropy and by
implication as a largely unperturbed lamellar phase
dispersion, behaved in much the same manner as
did the PS dispersions mixed with the other pro-
teins studied. Both the chemical shift anisotropy
and T, increased. Again as with the PS-lysozyme
and PS-ribonuclease dispersions, T, was essentially
unaltered. The reason for the two-phase behaviour
of dispersions containing the myelin basic protein
is unclear. It is unlikely these effects arise from a
gross inhomogeneity in the mixing of the lipid and
protein [8].

The effects of these basic proteins may be com-
pared with those of particular divalent ions (e.g.,
Ca’*) which transform the spectrum to that ex-
pected from a rigid lattice and dramatically in-
crease the value of T, [13]. The proteins we have
studied approach more closely in their behaviour
the monovalent cations and some divalent cations
that act largely as counterions within the electrical
double-layer [14-16].

The results for these water-soluble proteins may
also be compared with those for intrinsic proteins.
Several integral proteins have been shown to have
small effects on the order and high frequency
motion of lipid acyl chains [17-19]. But although
similarly minor effects were observed at 121.4
MHz for the headgroups of dioleoylphosphati-
dylcholine and dielaidoylphosphatidylcholine in
the presence of the proteins of sarcoplasmic re-
ticulum [19}, Oldfield and colleagues [17,20] have
reported a 3-4-fold reduction in the 60.7 MHz *'P
T, and T, values for dimyristoylphosphatidylcho-
line in the presence of several intrinsic proteins.
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Packing constraints, due to the presence of large
amounts of intrinsic protein, may be more im-
portant in deciding the dynamic modes of the lipid
headgroup than are ionic interactions between lipid
and protein.

In conclusion, we compare the effects of the
basic proteins on the motion of the lipid headgroup
with their effects on other bilayer properties.
Ribonuclease and poly(L-lysine) are widely consid-
ered to be held at the membrane surface solely by
coulombic attractions to the negative lipids (see,
however, Ref. 21). If this is so, then the NMR data
suggest that their interaction parallels that of a
counterion held in a potential well at the charged
lipid bilayer surface, without long-lived associa-
tions between individual basic amino-acid side-
chains and lipid headgroups. From the NMR data,
the same conclusion could be reached for lyso-
zyme, although under other conditions it has been
described as interacting hydrophobically with
lipids [22-24). From the present results, the polar
interactions appear to dominate the behaviour of
the phosphate group.

Cytochrome ¢ and myelin basic protein both
lower the gel-to-liquid-crystalline phase-transition
temperatures, increase ion permeation of bilayers
and expand lipid monolayers [25). These and other
[23,24,26] results have been interpreted as deriving
from hydrophobic interactions between lipids and
these proteins, even though some studies have led
to contrary conclustons [27]. The major changes in
spectral shape induced by these proteins are indi-
cative of a substantial difference in the mode of
interaction of the myelin basic protein and the
other basic proteins with lipids.

Finally we come to the paradoxical conclusion
that the ionic interactions which occur between the
basic proteins and the PS headgroups appear to
have far less influence on the conformation and
dynamics of these groups than do intrinsic mem-
brane proteins which interact hydrophobically with
the membrane lipid.
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