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1. Introduction

Numerous studies have shown that the plasma
membrane has a fundamental role in the regulation of
cell metabolism [1—4]. Attention has been focussed
on the transmembrane control mechanism concerning
the interaction between plasma membrane and cyto-
skeletal structures [2—12]. For the transfer of biolog-
ical information from external surface to cytoplasm,
3 steps are postulated:

(i) Interaction of surface receptors with ligands at
the external cell surface;
(ii) Transmission of the information across the plasma
membrane;
(iii) Modulation of cytoplasmic components at the
inner surface of the membrane.
For example, cell agglutination by concanavalin A
(con A) is accompanied by the redistribution of con
A receptors on the cell surface from a random pattern
to form a cap [2], and microtubules and microfila-
ments are involved in the transmembrane control of
redistribution of lectin receptor sites in the cell mem-
brane [2,3]. Therefore, the interaction of cytoplasmic
proteins with the plasma membrane through their
lipophilic nature and affinity to the membrane-inte-
grated proteins have an important role for the regu-
latory mechanism of the transmembrane control sys-
tem in cells.

Here we report our attempts to determine the exis-
tence of an interaction between cytoplasmic proteins
and artificial lipid vesicles, liposomes. We find that
cytoskeletal components such as tubulin, actin and
a-actinin have a strong tendency to associate with
liposomes and that this characteristic, which may be
altered by several physiological conditions, is respon-

Elsevier/North-Holland Biomedical Press

sible for their interaction with lipid components of
liposomes.

2. Materials and methods

Polymorphonuclear leukocytes (PMN) of guinea
pig, Ehrlich ascites tumour cells (EATC), human plate-
lets and rat brain and liver were studied.

The interactions of liposomes with cytoplasmic
proteins of various cells or purified proteins were car-
ried out by modification of the method in [13]: Cells
or tissues were suspended in hypotonic saline solution,
10 mM NaCl—15 mM phosphate buffer (pH 6.75)—

1 mM MgCl,, and homogenized with a Teflon—glass
homogenizer at 4°C. The homogenate was centrifuged
for 60 min at 100 000 X g and the supernatant frac-
tion was kept at 4°C until required.

Actin and tubulin were purified from rat muscle
and brain as in [14] and [15], respectively.

Liposomes were prepared as follows: 15 mM di-
myristoyl phosphatidylcholine (DMPC) was dissolved
in chloroform—methanol (2:1, v/v) in the presence or
absence of 15 mM cholesterol, 1.5 mM cetylamine
and 1.5 mM dicetylphosphate. Aliquots (5 ml) of
these lipid solutions were evaporated in test tubes
using a Taiyo concentrator (TC-8). Following the ad-
dition of 0.1 M NaCl—20 mM phosphate buffer (pH
6.75) (5 ml) the tube was agitated on a vortex mixer
for 10 min at 25°C. The multilayered liposomes were
then sonicated using a sonifier (Branson, type 185)
for 10 min at 25°C. The interaction of cytoplasmic
proteins from the homogenates with liposomes was
carried out as follows: The liposomes (15 umol phos-
pholipid/ml) were incubated with cytoplasmic or pu-
rified proteins (10 mg protein/mt) at 37°C for 30 min

257



Volume 124, number 2

in the presence of a proteinase inhibitor, TPCK. After
incubation, the liposome—protein mixture was mixed
with equal volume of 1.10 density Ficoll solution con-
taining 0.1 M NaCl—20 mM phosphate buffer (pH
6.75). The mixture (2 ml) was layered within a dis-
continuous Ficoll density gradient of the following
densities: 1.08, 1.05 (sample), 1.04, 1.03, 1.01 and
1.007. All the Ficoll densities were made with 0.1 M
NaCl—20 mM phosphate buffer (pH 6.75). The lipo-
somes which had interacted with cytoplasmic or puri-
fied proteins floated upward through this gradient to
the interface between 1.03 and 1.01 on centrifugation
at 100000 X g for 60 min at 30°C. In some experiments,
the floated liposomes were washed once through lay-
ers of 1.05-1.03 specific gravity of Ficoll by centrif-
ugation at 100 000 X g for 60 min.

SDS—polyacrylamide gel electrophoresis (PAGE)
was done as in [16]. All samples were boiled for 2
min in 1% SDS containing 1% 2-mercaptoethanol.
Proteins were fixed and stained in 0.25% Coomassie
blue, 10% glacial acetic acid, 50% methanol mixture
for 12 h.

Molecular weights were determined by comparison
with Rg-values of RNA polymerases (Seikagaku Kogyo,
Tokyo).

Protein concentrations were determined as in [17]
and the phospholipid content of liposomes by the
method in [18].

3. Results and discussion

3.1. Association of cytoplasmic proteins to liposomes
As described by many investigators, tubulin exists
in the plasma membrane and has a lipophilic nature
[13,19,20]. The nature of membrane association is al-
so observed in several cytoskeletal elements [21--24].
The nature of membrane association of tubulin was
confirmed [13] by the interaction of purified tubulin
and liposomes. Also we have examined the interaction
between liposomes and cytoplasmic proteins of vari-
ous cells or purified cytoskeletal proteins, by a modi-
fication of the method in [13]. After the incubation of
cytoplasmic proteins of PMN with liposomes, consist-
ing of DMPC~cholesterol—cetylamine, for 30 min at
37°C certain proteins such as cytoskeletal elements of
the cytoplasm associate with the liposomes and may
be separated from other proteins by density gradient
centrifugation. The separated proteins were M,
(X 107®): 45, 52, 55 and 110, as determined by SDS—
PAGE (fig.1,2). These proteins were identical to puri-
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Fig.1. SDS-PAGE analysis of liposome-associated cytoplasmic
proteins of guinea pig polymorphonuclear leukocytes. PMN
cytoplasmic fraction was incubated with DMPC~cholesterol—
cetylamine liposomes for 30 min at 37°C. The liposome frac-
tion was isolated by Ficoll density gradient centrifugation
following the method described: (A) Liposome-associated
proteins; (B) non-associated proteins; (C) total cytoplasmic
proteins.
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Fig.2. Molecular weight of liposome-associated proteins.
Molecular weights were determined by SDS—PAGE using
RNA-polymerases as standard proteins. The 45, 52, 55 and
110 x 10° M, proteins coincide with the M, of actin, a- and
B-tubulins and «-actinin, respectively.
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fied actin, tubulin and a-actinin, respectively, as re-
gards behavior on SDS—PAGE. The purified actin also
associated with liposomes and floated upward through
a Ficoll density gradient as observed with cytoplasmic
proteins. Furthermore, we confirmed the association
of purified tubulin to liposomes as in [13].

3.2. Tissue specificity on membrane associating char-
acter of cytoplasmic proteins

The proteins of contractile and cytoskeletal ele-
ments, actin, myosin, tropormyosin, a-actinin, tubulin,
prokeratin, vimentin, gelsolin, actinogelin and desmin
have been detected in several cells. Most of these ele-
ments have the ability to associate with biological
membranes as assessed by electron microscopy. Vari-
ous amounts of these proteins are found in different
cells: a large amount of tubulin is found in brain, ac-
tin in platelets and PMN and vimentin in lens-forming
cells [24].

With all the cells or tissues examined, these 45,
52,55 and 110 X 10° M, proteins were detected in
liposome fraction following separation from the lipo-
some-protein mixture. The amounts of protein associ-
ated with liposomes are cell specific: a large amount
of 45X 10° M, protein but a small amount of 52X 10
and 55 X 10° M, proteins were in liposome fraction
from PMN or platelet homogenate. But a larger amount
of tubulin and a small amount of actin were recovered
from brain tissue homogenate asshown in fig.1, fig.3a,
fig.4. In common with other cell types it was possible
to demonstrate the association of 45, 52, 55 and 110
X 103 M, proteins from liver and Ehrlich ascites tu-
mour cells, with liposomes. However, several minor
unidentified proteins were associated with liposomes
and separated as shown in fig.3b,c.

3.3. Various factors affecting the interaction between
liposomes and cytoplasmic proteins

The interaction between the cytoplasmic proteins
and liposomes was affected by lipid composition of
liposomes. In the case of DMPC liposomes, the affinity
of cytoplasmic proteins was rather non-specific and
the amount of protein associated with the liposomes
was remarkably decreased by addition of cholesterol.
The reduced association to DMPC—cholesterol lipo-
somes was reversed by the addition of 1/10 vol. cetyl-
amine but not by dicetylphosphate (fig.4, table 1). In
this case, the associated proteins were rather specific
for cytoskeletal proteins. Furthermore, preliminary
experiments on the interaction between cytoplasmic
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Fig.3. SDS—-PAGE patterns of liposome-associated proteins
of platelets, liver and Ehrlich ascites tumous cells. Cytoplasmic
proteins were reacted with liposomes as in the case of PMN.
All the experimental conditions were as in fig.1: (1) human
platelets; (2) rat liver; (3) Ehrlich ascites tumour cells; (a)
non-associated proteins; (b) liposome-associated proteins.
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Fig.4, Effect of liposome components on the association of
cytoplasmic proteins of rat brain tissue to liposomes. Experi-
mental conditions were as in fig.1. Liposome components
were changed as indicated in the figure. DMPC—cholesterol—
cetylamine—dicetylphosphate (1:1:0.1:0.1). Abbreviations:
D,DMPC; DC,DMPC + cholesterol; DCC, DMPC + cholesterol
+ cetylamine; DCD, DMPC + cholesterol + dicetylphosphate.
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Table 1
Effect of liposome components on the association of cyto-
plasmic proteins of rat brain tissue to liposomes

Liposome lipid Protein (ug) Ratio

Phospholipid—-P (ug)

Dimyristoyl phosphatidyl-

choline (DMPC) 8.48 4,42
DMPC + cholesterol
+ cetylamine 8.18 4.26
DMPC + cholesterol
+ dicetylphosphate 2.54 1.32
DMPC + cholesterol 192 1.00

Experimental conditions were as in fig.4

proteins of brain and inside-out vesicles of erythrocytes
show that many of cytoplasmic proteins, including
cytoskeletal proteins, associate with the inside-out
vesicles. From the data obtained in this experiment,
it is suggested that the cytoplasmic proteins especially
cytoskeletal elements have the necessary characteris-
tics to associate with inner surface of plasma mem-
brane and various cytoplasmic organelles such as
mitochondria, endoplasmic reticulum, Golgi apparatus
and lysosomes. The ability of these proteins to inter-
act with these biological membranes is possibly altered
by several membranous and cytoplasmic factors.
Therefore, the cytoplasmic proteins which have the
ability to associate with biological membranes may
have an important role in regulating cytoplasmic
metabolism and cell movement.

Acknowledgements
This work was supported by grants-in-aid for scien-

tific research from the Ministry of Education, Science
and Culture in Japan.

260

FEBS LETTERS

February 1981

References

[1] Edelman, G. L. (1976) Science 192, 218~226.
{2] Nicolson, G. L. (1976) Biochim. Biophys. Acta 457,
1--72.
{3] Nicolson, G. L. (1976) Biochim. Biophys. Acta 457,
53-108.
[4] Loewenstein, W. R. (1979) Biochim. Biophys. Acta
560, 1-65.
[5] Yahara, I. and Edelman, G. M. (1973) Nature 246,
152--154.
[6] Albertini, D. F., Berlin, R. D. and Oliver, J. M. (1977)
J. Cell Sci. 26, 57-175.
[7] Utsumi, K., Sugiyama, K., Miyahara, M., Naito., Awai,
M. and Inoue, M. {1977) Cell Struct. Funct. 2, 203-
209.
[8] Sheetz, M. P. (1979) Biochim. Biophys. Acta 557,
122134,
[9] Berlin, R. D. and Fera, P. (1977) Proc. Natl. Acad.
Sci. USA 74, 1072--1076.
{10] Utsumi, K., Miyahara, M., Okimasu, E., Sugivama, K.
and Inoue, M. (1979) Physiol. Chem. Phys. 11, 365—
369.
[11] Schellenberg, R. R. and Gillespie, E. (1980) Biochim.
Biophys. Acta 619, 522--532.
{12] Utsumi, K., Okimasu, E., Miyahara, M., Kuroki, M. and
Kobatake, Y. (1980) Eur. J. Cell Biol. 22, 480.
[13] Caron, J. M. and Berlin, R. D. (1979) 1. Cell Biol. 81,
665--671.
[14] Mamaerts, W. F. H. M. (1951) J. Biol. Chem. 188,
559-.568.
[15] Bryan, J. and Wilson, L. (1971) Proc. Natl. Acad. Sci.
USA 68,1762-1766.
[16] Laemmli, U. K. (1970) Nature 227, 680-685.
[17] Lowry, O. H., Rosebrough, N. J., Farr, A. L. and
Randali, R. J. (1951) J. Biol. Chem. 193, 265-275.
[18] Lowry, O. H., Roberts, N. R., Leiner, K. Y., Wu, M.-L.
and Farr, A. L. (1954) J. Biol. Chem. 207, 1-17.
[19] Stadler, J. and Franke, W. W. (1972) Nature New Biol.
237,237-238.
{20] Bhattacharyya, B. and Wolf, 1. (1976) Nature 265,
576--5717.
[21] Geiger, B., Takuyasu, T., Dutton, A. H. and Singer,
§. Y. (1980) Proc. Natl, Acad. Sci. USA 77,4127—-4131.
{22] Bretcher, A. and Weber, K. (1980) J. Cell Biol. 86,
335-340.
[23] Ramaekers, F., Jap, P., Mungyer, G. and Bloemendal, H.
(1980) Eur. J. Cell Biol. 22, 333.
[24] Ramaekers, F. C. §., Osborn, M., Schnider, E., Weber,
K., Bloemendal, H. and Franke, W. W. (1980) Exp.
Cell Res. 127, 309-327.



