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ABSTRACT 

Tubulin in high-speed supernatants of brain undergoes an alternate 
form of polymerization into structures that resemble membranes rather 
than microtubules. The reaction required elevated temperature (37°C) 
and was prevented by ImM CaCl2 or lO '4 M maytansine. The membraneous 
material was composed of tubulin (80%) and microtubule-associated pro- 
teins (8%) and contained phospholipids. The tubulin was identified on 
the basis of comigration in two-dimensional gel electrophoresis and col- 
chicine-binding activity. 

Tubulin, the subunit protein of microtubules, has been identified 

as a component of certain cell membranes on the basis of either colchi- 

¢ine-binding activity, electrophoretic analysis or peptide mapping 

evidence. The membranes reported to contain tubulin include synapto- 

somal membranes (I-4) cervical-ganglia plasma membranes (5), pigeon 

erythrocyte membranes (6), brain and thyroid membranes (7), and ciliary 

and flagellar membranes (8-II). The ciliary and flagellar membranes are 

unique in that as much as 60-80% of the total membrane protein is tubu- 

lin (8-11). The presence of tubulin as the major protein of certain 

membranes suggested that an alternate form of assembly for tubulin into 

membranes rather than microtubules could take place under the appropri- 

ate conditions. In this report, we show that under in vitro conditions 

a fraction of the soluble tubulin in brain extracts will assemble with 

lipid to form membranes. 

MATERIALS AND METHODS 

Tubulin was assembled from high-speed (lO0,O00g x lh) supernatants 
of bovine brain prepared by the methods of Borisy (ll). The formation 
of membranes is inhibited by trace quantities of detergents so that all 
glassware used must be adequately rinsed. The assembly buffer contained 
lO0 mM PIPES, pH 6.95, l mM EGTA, O.l mM Mg Cl2 and O.I mM GTP. Colchi- 
cine at a concentration of lO-4M was added to the cold extract prior to 
incubation in the dark at 37°C for 30 min. After incubation, the extract 
was kept in ice for at least I0 min. The cold extract was then centri- 
fuged at 39,000 g x 30 min at 4°C. The pellet was homogenized in water 
and centrifuged through a continuous gradient of sucrose from 0.BM to 
1.2 M, using an SW27 Beckman rotor at 25,000 RPM for 90 min at 4°C. 

Polyacrylamide gel electrophoresis (either one- or two-dimensional) 
was performed using a modification of the methodology of 0'Farrell (12) 
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as reported previously (13). For electron micropscopy, the pellets were 
fixed in 2.5% glutaraldehyde, post-fixed in I% 0 O~. Colchicine- 

s 
binding activity was determined by a DEAE filter paper assay for soluble 
proteins and by sedimentation through I0% sucrose for insoluble proteins 
(I). 

RESULTS 

When high-speed supernatants of bovine brain prepared in assembly 

buffer are warmed, tubulin polymerizes into microtubles (14). We as- 

sumed that tubulin might also assemble into other structures and pre- 

vented the assembly of microtubules with the combination of lO-4M 

colchicine and cold depolymerization. Under these conditions, a gradual 

increase in the turbidity of the supernatant occurred during the incuba- 

tion (Table I), indicating that larger aggregates had formed (15). 

Centrifugation at 20% of the total g x h used to prepare the initial 

supernatant resulted in the removal of most of these aggregates. Poly- 

acrylamide gel electrophoresis of the sedimented material showed that it 

was composed predominantly of three proteins which co-migrated with ~- 

and ~-tubulin and actin (Figure Ib). Densitometry showed that ~- and 

~- tubulin and actin accounted for 75% of the protein on the gel; these 

proteins were present in almost equal quantities. In addition, 8% of 

the protein corresponded in size and isoelectric mobility with the high- 

molecular weight microtubule associated proteins (14). In the electron 

microscope this material consisted predominantly of two components: 

membrane fragments and a granular material (Figure la). These compo- 

nents were separated by centrifugation into a continuous gradient of 

TABLE I Absorbance during incubation 

100,OOOg x lh 260,000 g x lh 

Initial absorbance 

After I h at 37°C 

After 39,000g x 30 min at 4°C 

0.598 0.576 

0.646 0.632 

0.605 0.581 

A high-speed supernatant of a brain homogenate was prepared by centrifu- 
gation at lOO,O00g x lh; one-half of this supernatant was then centrifuged 
again at 260,00Og x lh. Both supernatants were incubated at 37°C in the 
presence of IO-qM colchicine and the absorbance at 45nm was monitored. 
After incubation for one hour, during which the absorbance gradually 
increased as indicated, the supernatants were placed in ice for 15 min 
and then centrifuged at 39,000g × 30 min at 4°C. The absorbance of the~ 
supernatants was remeasured. The yield of assembled material was equal 
in both supernatants and identical in protein composition and morphology. 
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Figure I; 

(a) Electron micrograph (26,500x) of the membrane/granular frac- 
tion. (b) NadodSOq-urea polyacrylamide gel electrophoresis of the 
membrane/granular fraction, tn a separate experiment the bands co- 
migrated with ~- and ~-tubulin and actin as indicated. 
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sucrose from 0.8 M to 1.2 M. All of the protein was recovered in two 

closely spaced bands; the upper band consisted mainly of the granular 

material (Figure le) and the lower band contained membranes and dense 

spherical bodies (Figure Ic). The membranes and spherical bodies often 

appeared to connect with each other. In control experiments, tubulin 

precipitated with trichloroacetic acid or vinblastine was found to 

sediment through 1.2 M sucrose. The protein composition of the two 

fractions separated by density gradient centrifugation was determined by 

two-dimensional electrophoresis. The major protein (over 80%) in the 

fraction composed predominantly of membranes was tubulin with smaller 

amounts of actin and other proteins also present (Figure Id). The 

granular fraction contained actin as the major protein and lesser 

amounts of tubulin (Figure If). No differences could be detected by 

two-dimensional electrophoresis between the tubulin in these fractions 

and tubulin prepared by 3 cycles of assembly into microtubules. 

Two different physical criteria, centrifugation at lower force and 

increase in turbidity, indicated that during incubation in the presence 

of colchicine particulates were either forming or becoming larger. If 

the supernatant was centrifuged at higher force (260,000 g x h) the 

amount of material that assembled upon incubation was not decreased 

(Table I). There was no increase in optical density nor was a pellet 

obtained by centrifugation from control samples that were kept at 0 ° or 
4 

if ImM CaCl2 was substituted for EGTA. Maytansine (I0 M) alone or in 

the presence of colchicine prevented the formation of both membranes and 

the granular material. Thus the membranes and granular material which 

were formed during incubation derived from smaller subunits which did 

not sediment at 260,000g; whether these precursor subunits were protein 

molecules, protein aggregates or protein-lipid aggregates is still to be 

determined. 

The conditions used in these experiments for the assembly of mem- 

branes that contain tubulin are probably not optimal. In particular, 

(c,e) Electron micrographs (40,O00x) of the two fractions 
obtained by centrifuging the membrane/granular material through a con- 
tinuous sucrose gradient that varied from 0.8M to i.2M. The lower band 
on this gradient, containing the membraneous materlal, is shown in (c) 
and the upper band, containing the granular material, is shown in (e). 

(d,f) Two dimensional polyacrylamide gel electrophoresis of the 
membraneous material (d) and granular material (f). The identity of the 
spots was determined by mixing experiments with the appropriate stand- 
ards. The positions of ~- and B-tubulin and actin are indicated. The 
first dimension (isoelectric focusing) is along the horizontal axis and 
the second dimension (NadodSO4-urea polyacrylamide gel electrophoresis) 
is in the vertical direction. 
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TABLE II Phospholipid content 

~g phospholipid/mg protein 

Membrane/granular fraction 

Microtubules 

Synaptic plasma membrane 

31.9 

< 1.5 

928.0 

Phospholipid content of tubulin-containing fractions. 15 mg of the 
membrane/granular fraction and of twice-polymerized microtubules were 
each extracted twice with lOml of chloroform-methanol, 2:1 v/v, and the 
extract was washed three times with water. The phosphorous remaining in 
the organic phase was determined. A similar determination for the 
synaptic plasma membrane (24) is included. 

the assembly of tubulin into membranes appears to require lipid. The 

assembled membranes have the classic trilaminar appearance of cell 

membranes (Figure Ic arrows) and are presumably protein-lipid bilayers. 

However, some purified preparations of tubulin have been reported to 

contain phospholipids (16,17). We therefore compared the lipid phos- 

phorous in the membrane/granular fraction and in twice polymerized 

microtubules (Table II). The membrane/granular fraction contained more 

phospholipid than twice-reassembled microtubules but less phospholipid 

than the synaptic plasma membrane (Table II). How this lipid is distri- 

buted among the various components of the membrane/granular fraction is 

not known, and the lipid content of the membranes in this fraction may 

be considerably larger. 

Since the membranes were assembled in the presence of colchicine, 

it was important to determine if tubulin inactive for colchicine-binding 

assembled into membranes. The membrane/granular material was polymerized 

from the brain extracts in the presence of IO'4M colchicine, collected 
3 

by sedimentation, and then incubated for 90 min at 37°C with [ H] colchicine 

(at a concentration of lO 6M). Parallel experiments were performed with 

microtubules. After the incubation, the material that remained assembled 

was collected by centrifugation. The protein that was released during 

incubation had a very high colchicine-binding activity whereas the 

assembled protein had a very low colchicine-blnding activity (Table Ill), 

although the protein composition of both the released and assembled 

material was the same as is shown in Figure IB. Similarly, at lO-6M 

colchicine concentration microtubules that have been prepared by assembly 

are partially depolymerized (15); the depolymerized tubulin had a very 
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TABLE III Colchicine-binding activity 

cpm/mg protein 

Depolymerized microtubules 506,000 

PoIymerized microtubules 22,000 

Depolymerlzed membranes/granular fraction 422,000 

Polymerized membranes/granular f rac t ion  l l ,O00 

Microtubules were prepared by one round of assembly of the initial brain 
extract. The membrane/granular fraction was prepa[ed by polymerization 
of the initial brain extract in the presence of lO 4M colchicine, and 
depolymerization at O°C. The fractions were co]lected by centrifugation 
(39,000g x 30 min) at 30°C and 4°C, respectively. The microtubules (3-3 
mg/ml) and membrane/granular fractions (1-7 mg/ml) were suspended in 
assembly buffer and incubated for 90 min at 37°C with l #mole/ml of [3H] 
colchicine (specific activity 16 mCi/umole). Both samples were then 
centrifuged (39,000g x 30 min) at 30°C; the protein-bound radioactivity 
in the supernatant (the material depolymerized by colchicine) was 
determined by DEAE-filter paper assay (1) and the radioactivity in the 
pellets (the material that remained polymerized) was determined after 
sedimentation through I0% sucrose (1). The extent of depolymerization 
was 90% for the microtubules and 76~ for the membrane/granu]ar fraction. 
Polyacrylamide gel electrophoresis showed no difference between the 
protein released by colchicine and the protein that remained assembled. 
In the electron microscope, the material that remained assembled after 
treatment with colchicine was unchanged. 

high colchicine binding activity whereas the assembled tubulin (composed 

almost entirely of microtubules) had much lower colchicine-binding 

activity (Table Ill). Therefore, intact microtubules and membranes that 

contain tubulin do not bind colchicine except perhaps at the edges or 

ends of these structures, but release colchicine-binding tubulin as they 

disassemble. These observations are consistent with other studies of 

colchicine-induced depolymerization of microtubules which have shown 

that the amount of depolymerization increased after fragmentation of the 

microtubules by brief sonication (15) and that in assembled microtubules 

most drug-binding sites are blocked (18). 

DISCUSSION 

We have observed that when brain extracts are warmed, a portion of 

the tubulin assembles into structures that are similar to membranes. 

This reaction is more readily apparent when the formation of microtubules 

is prevented by colchicine. The formation of these membrane-like 

structures requires elevated temperature and is accompanied by changes 

in two physical-chemical parameters (turbidity and sedimentation at 20% 
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of the initial centrifugal force used to prepare the supernatant before 

incubation) which indicate that an assembly reaction is occurring. The 

products of this reaction have unique sedimentation properties which 

distinguish them from vinblastine- or acid-induced aggregation of tubu- 

lin. The membraneous material also contains the characteristic high 

molecular weight microtubule associated proteins. These properties are 

consistent with the hypothesis that to a limited extent, an alternate 

form of assembly of tubulin into a membrane-like structure, rather than 

into a microtubule , takes place under the in vitro conditions employed. 

The extent of this reaction is probably severely limited by the small 

amounts of lipid present in the water-soluble extracts of brain. A 

specific interaction between purified tubulin and artificial liposomes 

has recently been reported (19). Further refinements in the conditions 

under which tubulin is polymerized in the presence of lipids should lead 

to an improved in-vitro system for the assembly of tubulin into a mem- 

braneous form. 

The production of structures that appear to be membranes but are 

composed of almost entirely one protein is somewhat surprising. How- 

ever, Stephens (8) has demonstrated that tubulin accounts for over 80% 

of the protein in ciliary plasma membranes. Further studies of the 

organization of the protein and lipid moieties in these in-vitro 

assembled membranes and comparison with other membranes that contain 

tubulin such as the ciliary plasma membrane and the synaptic plasma 

membrane should provide further insights into the interaction of the 

cytoskeleton and the cell membrane. 

REFERENCES 

I. Felt, H and Barondes, S.H. (1970) J. Neurochem 17, 1355-1364. 
2. Felt, H., Dutton, G.R., Barondes, S.H. and Shelauski, M.L. (1971) 

J.Cel] Biol. 51, 138-147. 
3. Blitz, A.L. and Fine, R.E. (1974). Proc. Nat. Acad. Sci. U.S.A. 

71, 4472-4476. 
4. Korngluth, S.E. and Sunderland, E. (1975). Biochim. Biophys. Acta 

393, 1OO-114. 
5. Estridge, M. (1977) Nature (Lond.) 268, 60-63. 
6. Zenner, H.P. and Pfeuffer (1976) Eur. J.Biochem. 71, 177-184. 
7. 8hattacharyya, B. and Wolff, J. (1975) J.Biol.Chem. 250, 7639- 

7646. 
8. Stephens, R.E. (1977) Biochemistry 16, 2047-2058. 
9- Adair, W.S. and Goodenough, U.W. (1978) J.Cell.Biol. 79 (2, Pt 2). 

54a (Abstr). 
Otter, T. (1978) Biol. Bull. 155, 461. 
Dentler, W.L. (1980) J.Cell Biol. 84, 364-380. 
O'Farrell, P.H. (1975) J.Biol.Chem. 250, 4OO7-4021. 
Feit, H., Neudeck, U. and Baskin, F. (1977) J. Neurochem. 28, 697- 
706. 

I0. 
I I .  
12. 
13. 

330 



Vol. 94, No. 1, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

14. Borisy, G.G., Marcum, J.M., Olmsted, J.B., Murphy, D.B. and John- 
son, K.A. (1975) Annals N.Y. Acad. Sci. 253, I07-132. 

15. Gaskin, F., Cantor, C.R. and Shelanski, M.L. (1975) Annals N.Y. 
Acad. Sci. 253, 133-146. 

16. Bryan, J. (1975) Annals N.Y. Acad. Sci. 253, 247-259. 
17. Eipper, B.A. (1974) J.Biol.Chem. 249, 1398-1406. 
18. Margolis, R.L. and Wilson, L. (1977) Proc. Nat.Acad. Sci. U.S.A. 

74, 3466-3470. 
19. Caron, J.M. and Berlin, R.D. (1979) J.Cell Biol. 81, 665-671. 
20. Breckenridge, W.C., Gombos, G. and Morgan , I.G. (1972) Biochem. 

Biophys. Acta. 266, 695-707. 

331 


