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ABSTRACT A method was developed to identify specific pro-
tein-lipid interactions ofcomplex lipid mixtures and to assess their
effect upon the arrangement of such complexes in monolayers at
an air-water interface. Its application to striated muscle a-actinin
revealed that just two lipids selectively interact with a-actinin.
One molecule of glyceride and one molecule of fatty acid were
found to be associated in a constant stoichiometry with one mol-
ecule of the a-actinin dimer. In the presence of both glycerides
and fatty acids unexpectedly rigid monolayer areas formed. This
lipid specificity could be confirmed by brief protease digestion of
a-actinin liposome mixtures followed by peptide analysis; the pep-
tide patterns of a-actinin depended on the presence or absence
of only these two lipids. Possible implications of these findings are
discussed in the context of Z-line formation.

a-Actinin is a constituent of the Z-line of muscle cells (1, 2). In
nonmuscle cells it occurs in the general area of the contact zone
between actin filaments and membranes (3, 4) and is also as-
sociated with microfilament bundles (5). A role for a-actinin in
anchoring microfilament bundles to membranes (6) and for the
movement of integral membrane proteins (7) has been pro-
posed. In the case of muscle cells, the Z-line, which is the car-
rier of a-actinin, has contact with the membrane system of the
sarcoplasmic reticulum (8). Very little is known about the exact
a-actinin membrane contact, whether there is direct interaction
with membrane lipids, whether it is mediated via other pro-
teins, or whether both modes of interaction exist simulta-
neously. Some serious doubts have been raised as to a direct
linker function of a-actinin between microfilaments and mem-
branes in nonmuscle systems (9, 10).

In this communication interactions between isolated a-ac-
tinin and lipid systems are investigated. A method is described
that allows an investigator to detect strong interactions between
lipids and proteins entering lipid monolayers from solution. The
application of this method to striated muscle a-actinin unam-
biguously revealed its strong and specific interaction with lipid
layers. It took place only in the presence of certain lipids, not
of the phospholipid class, that are rare constituents of natural
membranes.

MATERIALS AND METHODS
Materials. Phospholipids and glycerides were purchased

from Serdary Research Laboratories (London, ON), and syn-
thetic lipids, trypsin (treated with diphenyl carbamyl chloride),
and a-chymotrypsin (treated with tosyllysine chloromethyl ke-
tone) were obtained from Sigma. Natural lipids were extracted
from disrupted yeast cells as described by Bligh and Dyer (11).
Precoated silica gel 60 high-performance TLC plates were from

Merck and [3H]palmitic acid was from the Radiochemical Centre
(Amersham, England).

a-Actinin Isolation. a-Actinin was purified from pig skeletal
muscle according to Suzuki et al. (12). Purity was tested by elec-
trophoresis in NaDodSO4/10% polyacrylamide slab gels. Only
minor impurities were visible on overloaded gels. The protein
was tested in the ultracentrifuge (Beckman model E). The s20,,
value was 5.84 S, which corresponds to a molecular weight of
206,000 (a-actinin dimer); this is in fair agreement with Robson
et aL (13). No aggregation of dimers was observed.

Monolayer "Sorting-Out" Studies. A Langmuir trough of 16
x 56 cm and 1 cm depth was used. It was equipped with a
movable surface barrier. The protein chamber had the same
width as the trough, i. e., a depth of 3 mm and a volume of 10
ml. At the beginning of sorting-out experiments the protein
chamber was positioned at one end ofthe trough and filled with
12 ml of a-actinin solution (0.1-0.2 mg/ml). The interfaces to
air of the protein solution and of the buffer in the trough were
set at equal levels but both surfaces were not yet connected.
(They were separated by the rim ofthe protein chamber, which
was 0.5 mm below the interfaces.) The lipid monolayer was
spread at the air-buffer interface ofthe trough between protein
chamber and movable barrier by addition of aliquots of a lipid
solution in n-hexane (2 mg/ml). The surface pressure (drop in
surface tension due to the presence of a lipid monolayer) was
measured by using a Wilhelmy plate.

After evaporation of the hexane the surface pressure was set
to a particular value by moving the barrier and thus changing
the monolayer area. The monolayer was then connected to the
surface of the protein solution by sliding a glass rod along the
separating Teflon rim of the protein chamber. The protein
chamber was slowly and continuously (0.5-1 cm/min) shifted
towards the barrier at constant surface pressure conditions. The
chamber was stopped after the protein had access to 25-50%
of the original monolayer area. This part of the surface was dis-
connected from the residual lipid monolayer by a surface barrier
and removed from the surface by aspiration (400 cm2 into 5-10
ml buffer). For all experiments described a 10 mM Tris HCV
0.1 M NaCl, pH 7.3, buffer was used.

Digestion Experiments. Liposomes were prepared as de-
scribed by Papahadjopoulos et aL (14), using a mixture of equal
amounts (by weight) ofphosphatidylinositol, phosphatidic acid,
phosphatidylserine, phosphatidylethanolamine, phosphatidyl-
glycerol, and phosphatidylcholine; when indicated 5% (wt/wt)
palmitoleic acid and 5% (wt/wt) 1,2-diolein (1,2-dioleoylglycer-
ol) were added. The liposome concentration was adjusted to 4
mg/ml. a-Actinin (50 ,ug) was mixed with 20 ,ul of the liposome
suspension. Buffer (10 mM Tris'HCV0. 1 M NaCl, pH 7.3) was
added to 50 ,ul. After addition of 4 ,ug of trypsin (2 mg/ml) the
mixture was incubated for up to 2 hr at 37°C. The reaction was
stopped at the specified times by the addition of 20 ,ul of phen-
ylmethylsulfonyl fluoride (0.1 M in isopropyl alcohol). The pep-
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tides were resolved on NaDodSO4/polyacrylamide slab gels as
described by Cleveland et at (15).

RESULTS
Interactions between a-actinin and lipids in a surface adsorbed
monolayer were investigated by using the assay shown in Fig.
1. A chamber containing the water-soluble dimeric form of a-
actinin is slowly and continuously movedjust below a monolayer
ofa native lipid mixture (with the aid ofa motor). The monolayer
area to which protein has access slowly increases. Protein inser-
tion into the monolayer is monitored by the increase of mono-
layer surface area at constant surface pressure. Pronounced af-
finities between particular lipids and the protein should result
in an enrichment of these lipids in the lipid-protein part of the
monolayer. A general discussion of this assay beyond the pres-
ent application will be published elsewhere.

In pilot experiments a total lipid extract ofyeast cells was used
to form a multicomponent lipid monolayer. Its composition was
analyzed by TLC both for phospholipids (lane A in Fig. 2A) and
components such as steroids, fatty acids, and glycerides (lane
A* in Fig. 2A). The same analyses were carried out to determine
the lipid composition in the lipid-protein part ofthe monolayer
(lanes B and B* in Fig. 2A).

Only two lipids (nonphospholipids) were found in the lipid-
protein monolayer (spots 5' and 7' in lane B* of Fig. 2A) re-
peatedly and reproducibly. The second unexpected observation
was that these results were invariant over a wide range ofsurface
pressure values held constant during the experiment (5-20mN/
m). They were also independent of the total amount of lipid
available-i.e., independent of the fraction of the lipid mono-
layer to which protein had access if this fraction did not exceed
50% of the original lipid monolayer area. From experiments
with different velocities ofthe sliding protein chamber and with
different protein concentrations it became apparent that satu-
ration ofprotein insertion is required for the high degree of lip-
id separation evident from Fig. 2A. Saturation was ensured by
choosing sliding velocities less than 1 cm/min and protein con-
centrations exceeding 0.1 mg/ml at 5 mN/m monolayer pres-
sure. Saturation was evidenced by the absence of a further sur-
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FIG. 1. Schematic illustration of the sorting-out technique. The
figure shows a lipid monolayer at the surface of a Langmuir trough
and an immersed chamber containing protein molecules. The lipid
monolayer is confined to part of the surface by means of surface bar-
riers (square symbol). At the beginning of the experiment the chamber
containing protein is positioned close to one barrier (Upper). The cham-
ber is then continuously moved towards the other barrier (Lower).
During chamber shift the increase of surface area due to protein in-
sertion is compensated by an increase of total surface area (constant
surface pressure conditions). In this way the area of the lipid mono-
layer to which protein has access increases in a defined way. Proteins
are not drawn to scale with respect to lipids; J, phospholipids; 1, fatty
acids; U, glycerides.

face area increase when the chamber shift was stopped. The
assay in Fig. 1 under these experimental conditions will be re-
ferred to in the following as a "sorting-out experiment."
The next obvious step in this study was to characterize the

lipids in the positions 5' and 7', which appear to preferentially
interact with a-actinin. They could be identified by elementary
chemical analysis and mass spectrometry as a mixture ofsimple
glycerides (spot 5') and as a mixture of fatty acids (spot 7'), pre-
dominantly palmitic acid and palmitoleic acid.

Both component 5 and component 7 in the yeast lipid mixture
were necessary for sorting out. When only component 5 or com-
ponent 7 was removed with a preparative TLC step and the
sorting-out experiment was carried out, the other component
was not enriched in the protein monolayer. When both com-
ponent 5 and component 7 were removed none of the other lip-
ids were enriched by a-actinin. To put the conclusion that both
fatty acids and glycerides are required on a more quantitative
basis, sorting-out experiments were carried out with mixtures
of synthetic glycerides and fatty acids. In a first control exper-
iment the components 5 and 7 in the yeast lipids were replaced
by corresponding amounts of 1,2-diolein and palmitoleic acid.
Sorting out yielded the same results as shown in Fig. 2A. This
was followed by sorting-out experiments using only 1,2-diolein
and palmitoleic acid in different stoichiometries. In Fig. 2B
these stoichiometries in the original monolayer (abscissa) are
plotted against the stoichiometries found in the protein-con-
taining sorted-out part of the monolayer (ordinate). The six ex-
perimental points unambiguously indicate a 1:1 molar ratio of
the two lipids in the lipid-protein association independent of
their stoichiometry in the monolayer before protein intrusion.
This particular choice ofdiolein as the glyceride and palmitoleic
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FIG. 2. (A) Qualitative lipid analysis. A TLC plate is shown with
total yeast cell lipids (lanes A and A*) and the lipid components re-
maining in the protein-lipid part of the monolayer (lanes B and B*),
analyzed after removal of the proteins with chloroform/methanol (11).
The plate with lanes A and B was developed in chloroform/methanol/
water, 65:25:4 (vol/vol), separating primarily phospholipids. The plate
with lanes A* and B* was developed with n-hexane/chloroform/
methanol/diethyl ether, 18:13:5:2 (vol/vol), separating steroids pri-
marily. 1, Phosphatidylethanolamine; 2, phosphatidylcholine; 3, phos-
phatidylinositol; 4, lysophosphatides; 5, glycerides; 6, not identified;
7, cholesterol, palmitoleic acid, and palmitic acid; 8 and 9, not iden-
tified; +, start position. Brackets indicate corresponding substances
resolved differently in the two different solvent systems. (B) Lipid stoi-
chiometry in the a-actinin-enriched monolayer after sorting out. a-

Actinin was introduced under a monolayer consisting of synthetic lip-
ids, palmitoleic acid, and 1,2-diolein, in different molar ratios (ab-
scissa, XA, mole fraction of palmitoleic acid). The ratio of these two
lipids in the protein-lipid part of the monolayer (see Fig. 1) was ana-
lyzed, after chloroform/methanol extraction, by quantitative gas chro-
matography (ordinate, XB, mole fraction of palmitoleic acid).
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acid as the fatty acid was arbitrary: saturated and mono-unsat-
urated fatty acids from C14 to C18 gave the same qualitative re-
sults together with saturated and mono-unsaturated mono- and
diglycerides.
The protein-to-lipid stoichiometry was also assessed. It was

suspected to be rather high because the increase in monolayer
area during protein insertion (at constant surface pressure) ap-
proached the area exposed to protein. In four independent ex-
periments a-actinin was inserted into monolayers formed from
[3H]palmitic acid and equimolar amounts of 1,2-diolein. Care
was taken that insertion reached saturation. The resulting
lipid-protein surface layer was washed by moving it at a constant
surface pressure of 5 mN/m over the surface of a shallow buffer
tank (0.5 mm deep and 3 m long) before removing it and ana-
lyzing it for protein according to Lowry et aL (16) and for lipids
by tritium determination. A value of 1.3 ± 0A4 palmitic acid
molecules per 1 a-actinin dimer was found. This may be a low
estimate because the presence of a-actinin that may have re-
mained unspecifically associated to the a-actinm-lipid mono-
layer during the extensive washing along the buffer tank could
not be ruled out and quantitatively assessed.

Concomitant with effective sorting out of lipids in the pres-
ence of a-actinin there was a dramatic increase of surface vis-
cosity of the a-actinin-lipid layer. This was assayed in the
trough illustrated in Fig. 3A. A U-type channel of 4 mm width
was introduced between two sides of a coherent monolayer be-
tween a surface balance and a movable surface barrier. Mono-
layers from yeast lipids -exhibited normal reversible surface
pressure-area curves as shown by the broken line in Fig. 3B.
However, when a-actinin (0.1 mg) was injected into the channel
area, changes on the right side did not translate into surface
pressure changes on the left side of the channel. The surface
pressure remained constant at the value (such as 13 mN/m in
Fig. 3B) to which it had been set before protein injection. A rigid
lipid-protein surface layer had formed in the channel. This ri-
gidity was dependent on exactly the same lipid specificity as the
sorting-out effect: First, it was observed only when glycerides
and fatty acids were both present in sufficient amounts, re-
gardless ofwhether they were applied as components of natural
yeast lipids, as components of artificial lipid mixtures, or the
two lipids alone. Second, rigidity could not be observed for any
lipid mixture that lacked any one of the two specific lipids.
Third, a-actinin alone, in the absence ofany lipid, reduced sur-
face tension by up to 15 mN/m (0.1 mg/ml). When such a sur-
face layer was formed at the surface of the channel and con-
nected to lipid layers on either side the protein layer did not
impede lipid flow through the channel in the presence ofsurface
pressure gradients between both sides.

From these results it appeared that the specific interactions
between glyceride, fatty acid, and a-actinin result in unusually
stable associations over visible dimensions (mm). Formation of
such associations was spontaneous although facilitated by sur-
face pressures exceeding 5 mN/m during protein insertion.
Once a "rigid" layer had formed it stayed coherent irrespective
of the surface pressure difference between the adjacent mono-
layers, from 0 mN/m to the collapse pressure and for at least
1 hr.

For electron microscopy a-actinin-lipid surface layers were
transferred to carbon grids (for details see legend to Fig. 4),
resulting in two distinctly differing observations. Electron mi-
croscopy ofta-actinin molecules adsorbed to carbon grids from
solution has shown structures 30 nm in length and 4 X 2 nm
in width (17). Such structures are also seen on micrographs from
lipid-a-actinin monolayers in the absence of the specific lipids
(see Fig. 4 Inset). The same preparation displays, however, ad-
ditional structures, which are knob-like with a diameter of ap-
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FIG. 3. (A) Schematic view of a Langmuir trough, used to test the
viscosity of an a-actinin-lipidlayer. AU-shaped channel is introduced
between the surface pressure balance and a movable barrier. Then a
lipid monolayer is spread at the surface. Drop in surface tension is
measured in relationship to the movement of the barrier before and
after injection of a-actinin into the channel. (B) Dependence of the
surface pressure on the movement of the barrier, measured in the de-
vice shown in A. The usual reversible surface pressure-ar curves of
the lipid monolayer were obtained before a-actinin was injected into
the channel (broken line) but, when tested 15 min after injection, the
channel was blocked by a-actinin; that is, the surface pressure re-
mained at the value setduring protein injection (13 niN/m, continuous
line). Such a block was not observed when one or both of the specific
components were absent.

proximately 8 nm. No elongated structures but only knob-like
structures of the same diameter were observed in micrographs
ofrigid surface layers obtained from lipid-a-actinin monolayers
in the presence of the specific lipids (Fig. 4). From this- com-
parison it may be inferred that the a-actinin molecules in as-
sociation with the two specific lipids may-be oriented with their
long axis perpendicular to the plane of aggregation. So far no
definite order could be detected within the plane. This may be

......... A. i

FIG. Electron microscopic picture of a rigid -actinin-lipid
layer. An a-actinin-lipid layer was-formed and adsorbed onto a carbon
grid. It was then stained by several drops -of 1% uranyl acetate and
observed in aZeissEM l0 electron microscope. (Inset) Control in which
a-actinin was adsorbed from the air-water interface in the absence of
the specific lipid compenents. (x 126,000.)
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FIG. 5. Densitometer tracings of a NaDodSO4/10% polyacryla-
mide slab gel. Thepeptides of a-actinin obtained after a 15-min trypsin
digestion in the presence of phospholipid liposomes containing diolein
(5% wt/wt) and palmitoleic acid (5% wt/wt) (curve A) and in the pres-
ence of phospholipid liposomes without these two lipids (curve B) are
shown. The position of molecular weight standards (x 10-3) are indi-
cated: P-galactosidase (130,000), a-actinin (100,000), human transfer-
rin (85,000), bovine serum albumin (68,000), ovalbumin (44,000), and
trypsin (24,000). Two new-bands appear in curve A (molecular weights
75,000 and 43,000, arrows) and four bands seen in curve B disappeared
in curve A (molecular weights 31,000, 27,000, 14,000, and 13,000,
arrows).

due to the apparent partial collapse of a-actinin molecules dur-
ing preparation, which may be overcome by more advanced
preparations ofsuch rigid surface layers for electron microscopy.
Do the above findings of specific lipid-a-actinin interactions

in monolayers also apply to the interactions of a-actinin and
artificial bilayer membranes? This question was addressed by
adding a-actinin ta liposomes formed from mixtures of phos-
pholipids with or without 1,2-diolein. and palmitoleic acid (5%,
wt/wt each).. a-Actinin-liposome interactions were assayed by
brief (15-min) trypsin digestion and- analysis ofproteolytic prod-
ucts by NaDodSO4 gel electrophoresis. In Fig. 5 a densitome-
ter tracing of a-actinin peptides obtained in the presence of lip-
osomes with palmitoleic acid and diolein (curve A) is compared
to the pattern obtained from liposomes without these two lipids
(curve B). The presence of both lipids led to the protection of
at least two cleavage sites, as could be judged from the ap-
pearance oftwo peptides of high molecular weight and the con-
comitant disappearance of four peptides of lower molecular
weight (arrows). The ratio ofunprotected to protected a-actinin
was dependent on the a-actinin and liposome concentrations
and on the experimental time. The data in Fig. 5, curve A, cor-
respond to conditions in which about 50% of the a-actinin mol-
ecules were protected. The digestion pattern of a-actinin ob-
tained in the absence ofany liposomes is almost indistinguishable
from the pattern obtained in the presence ofpure phospholipid
liposomes. It should be added that very long exposures to 10%
(wt/wt) trypsin, even in the presence of the two specific lipids,
led finally to complete digestion of a-actinin. Similar results
were obtained with a-chymotrypsin.

DISCUSSION
The aim of this study was to analyze interactions between a-
actinin and lipids in order to contribute to the unresolved ques-
tion of whether a-actinin could be anchored to membranes.
First, interactions between a-actinin and lipid monolayers were
analyzed. This has the disadvantage that a monolayer is far from
being a biological membrane, but it has the advantage that in-
teractions can be identified and quantitated. The search for a-
actinin-specific lipids out of a given mixture of different natu-
rally occurring lipids required a technique that had to be de-
veloped specifically for our purpose. With such a sorting-out
technique only two lipid components out of an entire lipid ex-
tract of yeast cells were found to-interact with a-actinin specif-
ically. They are any fatty acid as one of the components and a

glyceride as the other. The affinity of these twolipids for a-ac-
tinin is extremely high because not even trace amounts of other
lipids were found to be present in the vicinity of a-actinin.t
These two lipids, when present in different stoichiometries in
the lipid monolayer, were always found in a 1:1 ratio in the
protein part of the monolayer. Furthermore, interactions be-
tween a actinin and these two lipids resulted in an extremely
viscous or rigid monolayer compared with monolayers that
lacked at least one of the two lipids.

These three observations, taken together, provide conclusive
evidence for specific interactions between a-actinin and two
types of lipids in equimolar amounts. For various pairs of dif-
ferently structured synthetic fatty acids and glycerides the same
qualitative result was obtained, although their relative affinity
for a-actinin varied on a quantitative scale. We know ofno other
report on a highly specific interaction between a protein and
simple glycerides. Association of free fatty acids with certain
membrane-related proteins of cultured human cells (19, 20) and
with certain virus-specific proteins (21) has been shown with
about the same molar ratio of 1-2 fatty acids per 1 protein as
estimated here for a-actinin.

These studies on monolayers were (22) corroborated by in-
vestigations of interactions between a-actinin and bilayer mem-
branes of liposomes (22). Addition of a-actinin to suspensions
of liposomes containing the two specific lipids resulted in the
protection of at least one cleavage site of a-actinin against tryp-
sin or a-chymotrypsin digestion. No such. protection was ob-
served under any condition in the absence of the two specific
lipids. This may be explained either in terms ofa lipid-depen-
dent penetration of the membrane or by lipid-dependent pro-
tection within the membrane as discussed below.

Monolayer experiments at lipid densities and pressures as
high as that expected for natural membranes showed a slow but
still significant penetration of a-actinin into the monolayer. The
penetration rate was, within experimental error, the same in
the presence and in the absence of the two specific lipids. This
argues against lipid-dependent penetration of the bilayer as an
explanation for the protection against cleavage. We are left with
the second possibility-i.e., lipid-dependent protection. The
effect may be due to (i) irreversible penetration of a-actinin in
the presence of the specific lipids and reversible penetration
in their absence, or (ii) the formation of stable and close contacts
between the specific lipids and a-actinin not occurring with
other lipids. In view of the rigidity-i.e., unusually high vis-
cosity-and the fixed stoichiometry of specific lipid to a-actinin-
monolayers, the second explanation seems more likely, al-
though the first may apply in addition.
The a-actinin used in these experiments is of muscle cell

origin. It is well known that Z-lines, in which a-actinin occurs,
have a direct relationship with sarcoplasmic reticulum mem-
branes (8). Muscle cell a-actinin may therefore have access to
lipids, as non-muscle cell a-actinin possibly does. Provided the
two specific kinds of lipid specified here occur in these-mem-
branes and interact with a-actinin, it remains difficult to assess
whether this interaction itself is sufficient to explain a possible
anchoring of a-actinin to membranes in vivo. Such lipid-a-ac-
tinin interactions may, however, be instrumental in stabilizing
contacts between adjacent a-actinin molecules. This is consist-
ent with the presence ofonly a few lipids per a-actinin in stable

t Sorting-out expenments with smooth muscle a-actinin from chicken
gizzard instead ofstriated muscle a-actinin did not reveal an absolute
and exclusive occurrence of the two lipids with the protein, but they
were again seen to be highly enriched. This maybe related to fewer
hydrophobic regions in a-actinin from smooth muscle compared to
that from striated muscle (18).
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association and supports the assumption that protein-protein
interactions contribute to the primary cohesion forces. They
may occur within the monolayer but also between the approx-
imately 80% ofthe a-actinin molecule protruding into the water
phase. Such interactions, both in and below the monolayer,
would also explain the high lateral viscosity ofthese protein-lipid
associations.
The biological significance of this model of a-actinin an-

choring to membranes remains uncertain. The observation has,
however, a predictive value that is open to experimental tests.
Both fatty acids and glycerides occur in native 'membranes as
.well as in the Z-line, to which a-actinin may be directly asso-
ciated, and these lipids may contribute to a-actinin associations
during Z-line formation (23).

We thank Dr.. M. Wurz for his help in preparing the electron mi-
crographs. This work was supported by Grants 3.513.79 and 3.390.78
from the Swiss National Foundation. Parts ofthe work were carried out
by R.K.M. to fulfill the requirement for a Ph.D. at the University of
Basel, 1980.

1. Stromer, M. H. & Goll, D. E. (1972) J. Mol Bsol 67, 489-494.
2. Lane, B. P., Elias, J. & Drummond, E. (1977)]J Histochem. Cy-

tochem. 25, 69-72.
3. Wehland, J., Osborn, M. & Weber, K. (1979) J. Cell Sci. 37,

257-273.
4. jockusch, B. M.,, Burger, M. M., DaPrada, M., Richards, J. G.,

Chaponnier, C. & Gabbiani, G. (1977) Nature (London) 270,
628-629.

5. Osborn, M. & Weber, K. (1979) J. Cell Bio. 20, 28-36.
6. Loor, F. (1976) Nature (London) 264, 272-273.
7. Geiger, B. & Singer, S. J. (1979) Cell 16, 213-222.
8. Lazarides, E. & Granger, B. L. (1978) Proc. Nati Acad. Sci. USA

75, 3683-3687.
9. Geiger, B., Tokuyasu, K. T., Dutton, A. H. & Singer, S. J. (1980)

Proc. Natl Acad. Sci. USA 77, 4127-4131.
10. Burridge, K. & McCullough, L. (1980) J. Supramol Struct. 13,

53-65.
11. Bligh, E. G. & Dyer, W. I. (1959) Can. J. Biochem. Biophysiol

37, 911-917.
12. Suzuki, A., Goll, D. E., Singh, I., Allen, R. E., Robson, R. M.

& Stromer, M. H. (1976)J. BoL Chem. 251, 6860-6870.
13. Robson, R. M., Goll, D. E., Arakawa, N. & Stromer, M. H.

(1970) Biochim. Biophys. Acta 200, 269-318.
14. Papahadjopoulos, D., Poste, G. &.Schiffer, B. E. (1973) Biochim.

BWphys. Acta 323, 23-42.
15. Cleveland, D. W:, Fischer, S. G., Kirschner, M. W. & Laemmli,

U. K. (1977)J. Bil. Chem. 252, 1102-1106.
16. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.

(1951) J. Bio. Chem. 193, 265-275.
17. Podlubnaya, Z. A., Tskhovrebova, L. A., Zaalishvili, M. M. &

Stefnenko, G. A. (1975) J. MUl Bowl 92, 357-359.
18. Bretscher, A., Vandekerckhove, J. & Weber, K. (1979) Eur. J.

Biochem. 100, 237-243.
19. Schlesinger, M. J., Magee, A. I. & Schmidt, M. F. (1980)J. Biol

Chem. 255, 10021-10024.
20. Omary, M. B. & Trowbridge, I. S. (1981) J. Biol Chem. 256,

4715-4718.
21. Schmidt, M. F. G. & Schlesinger, M. J. (1979) Cell 17, 813-819.
22. Meyer, R. K. (1980) Dissertation (Univ. Basel, Basel, Switzerland).
23. Gormer, R. H. & Lazarides, E. (1981) Cell 23, 524-X532.

Proc. Nad Acad. Sci., USA 79 (1982)


