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ABSTRACT: Electrophoresis of microtubule preparations pu- 
rified from calf brain by repeated cycles of assembly and dis- 
assembly shows that they contain many proteins in addition 
to a- and /3-tubulin. These additional proteins constitute about 
17% of the total material present after five cycles of assembly 
and disassembly. Both one-dimensional and two-dimensional 
(P. H.  O'Farrell (1975), J .  Biol. Chem. 250, 4007) electro- 
phoretic techniques have been used to characterize them. They 
can be divided into two groups: one that contains proteins 
which remain in constant quantitative ratio to tubulin during 

T h e  discovery by Weisenberg ( I  972) of the conditions nec- 
essary for the in vitro assembly of cytoplasmic microtubules 
has stimulated biochemical studies of the protein composition 
of these organelles. Early reports (Weisenberg, 1972; Shelanski 
et al., 1973; Weingarten et  a]., 1974) implied that tubulin, a 
protein heterodimer having a molecular weight of 1 I O  000 (Lee 
et  al., 1973), was the only protein required to form microtub- 
ules. Recently Erickson (1974), Borisy et al. (1975), Burns and 
Pollard (l974),  Gaskin et al. (1974), Sloboda et ai. ( 1 9 7 9 ,  
Kuriyama (1975), Haga and Kurokawa (1975), Keats and 
Hall (1975), Weingarten et  ai. (1975), and Sandoval and 
Cuatrecasas (1 976a) have indicated that several other proteins 
called microtubule associated proteins, MAPS' (Sloboda et 
ai., 1975). copurify with tubulin when microtubules are isolated 
by in vitro polymerization-depolymerization procedures. In 
addition, several enzymatic activities have been found in mi- 
crotubule preparations so isolated (Daleo et al., 1974; Soifer 
et al., 1975; Sloboda et a]., 1975; Sandoval and Cuatrecasas. 
1976b; Shigekawa and Olsen, 1975). 

Analytical electrophoresis of cytoplasmic microtubules 
isolated in vivo (Kirkpatrick et al., 1970) indicates that these 
structures contain several high molecular weight proteins in 
addition to tubulin. Ultrastructural studies in vivo (Wuerker 
and Palay, 1969: Burton and Fernandez, 1973) and i n  vitro 
(Dentler et al., 1975; Murphy and Borisy, 1975) have shown 
fibrous projections on cytoplasmic microtubules. These or- 
ganelles are thus apparently complex in morphology and 
composition. 
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the purification cycles, and one composed of proteins which 
are removed during purification, although inefficiently. Gel- 
filtration chromatography of cold-depolymerized microtubule 
preparations yields a polydisperse fraction of high molecular 
weight containing most of the non-tubulin proteins. This 
fraction contains flexible filaments about 100 A in diameter 
similar to those reported by R.  A. B. Keats and R. H.  Hall 
((1975), Nature (London) 247, 418). It is suggested that these 
fibers are neurofilaments, and that they may be the major 
source of the group of inefficiently removed proteins. 

Various MAPs have been implicated as necessary cofactors 
of microtubule assembly in vitro (Weingarten et al., 1975; 
Murphy and Borisy, 1975; Keats and Hall, 1975; Bryan et al., 
1975; Sloboda et al., 1976). On the other hand, Lee and Ti- 
masheff (1 975), Himes et  af. (1976), and Herzog and Weber 
(1977) have reported that highly purified tubulin can be made 
to polymerize into microtubules without the presence of other 
proteins. The significance of the polymerization-stimulating 
activity possessed by the MAPs is further rendered complex 
by the fact that similar activities have been reported to reside 
in various polycations such as DEAE-dextran, ribonuclease, 
lysozyme, and polylysine (Behnke, 1975; Jacobs et a]., 1975; 
Levi et ai., 1975; Erickson and Voter, 1976). It is thus unclear 
whether the MAPs are  necessary elements of cytoplasmic 
microtubules, or whether they simply alter either the kinetics 
of polymerization, the equilibria involved, or both, but are not 
essential to the formation of the microtubular structure. 

In this paper we report the characterization of microtubule 
preparations made by the assembly-disassembly procedure. 
We  have assessed the number and relative amounts of those 
proteins which co-purify with tubulin during repeated cycles 
of polymerization and depolymerization of microtubules and 
have determined whether they exist free in solution under de- 
polymerizing conditions or are associated with larger struc- 
tures. We  have found that long flexible fibers, about 100 A i n  
diameter and apparently similar to those initially reported by 
Keats and Hall ( l975),  are present in our preparations. We 
suspect that these filaments are neurofilaments, and that they 
contain many of the MAPs. 

Materials and Methods 
Microtubule Preparation. In vitro assembled microtubules 

from calf brains were purified by a modification of the method 
described by Shelanski et al. (1973). Brain tissue, 100 g a t  a 
time, was homogenized a t  4 O C  with 75 mL of PM 4 M  (100 
mM Pipes-NaOH, 2 mM EGTA, 1 mM MgS04,4  M glyc- 
erol, pH 6.9 a t  23 "C) buffer in a Sorvall Omni-Mixer for 50 
s a t  speed 3 and 10 s a t  speed 9. The homogenate was then 
centrifuged in a Sorvall GSA rotor at  8000 rpm for 15  min at 
3 "C. The supernatant was decanted and centrifuged in a 
Beckman T35 rotor a t  35 000 rpm for 70 min a t  3 "C. The 
supernatant (So) was decanted, made 0.5 m M  GTP, and in- 
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cubated at  32 f 2 "C for 45 min to allow assembly of mi- 
crotubules. The material was then centrifuged in a T35 rotor 
by spinning a t  35 000 rpm for 45 min a t  25 "C. The resulting 
pellets were resuspended in 4 to 5 pellet volumes of cold P M  
(same as PM 4M, but containing no glycerol) buffer containing 
0.5 mM GTP and spun in a T35 rotor a t  35 000 rpm for 30 min 
at  3 "C to remove undissociated material. The supernatant 
( IXMT)  was decanted, diluted 1:l with PM 8M (same as PM 
4M, but containing 8 M glycerol) buffer containing 0.5 mM 
GTP and either stored at  -20 OC or carried through additional 
cycles of polymerization and depolymerization to give 2XMT, 
3XMT, 4XMT, and SXMT cold, high speed supernatants. 
Before any stored microtubule preparation was used. it was 
cycled through a round of polymerization, centrifugation, 
depolymerization, and centrifugation. Protein concentrations 
were determined by the method of Lowry et al. (1951) or by 
measurement of ,4280. The extinction coefficient of 0.72 
mL/mg of Kirschner et al. (1974) was employed. 

Electrophoresis. NaDodS04-polyacrylamide electropho- 
resis was carried out on 8% cylindrical or slab gels according 
to the method of Laemmli (1970). Gels used for quantitative 
studies were stained and fixed with 1% (w/v) Fast Green 
(Gorovsky et al., 1970) in 50% methanol-7% acetic acid (v/v) 
for 24 h. Gels were then destained in 5% methanol-7% acetic 
acid (v/v) in a diffusion destainer. Amounts of protein were 
determined by scanning the gels with a Gilford Model 240 
spectrophotometer equipped with a linear transport and then 
measuring the areas of appropriate peaks in the resulting scans. 
Gels stained with Coomassie Brilliant Blue R were first fixed 
in a 12.5% (w/v) C13CCOOH solution for about 3 h a t  50 "C 
or overnight at room temperature. Fixed gels were then stained 
with 0.2% (w/v) Coomassie in ethanol-acetic acid-water 
(45:10:45) for 30 min at  50 "C and then destained twice in 
ethanol-acetic acid-water (25:10:65) for 30 min at 50 "C. Gels 
were further destained at room temperature over a period of 
about 2 days in multiple changes of the destaining solution. All 
destained gels were stored in an 8% (v/v) acetic acid solu- 
tion. 

Two-dimensional gel electrophoresis procedures were similar 
to those described by O'Farrell (1975). Isoelectric focusing on 
3% polyacrylamide was performed in the first dimension on 
cylindrical (1  2 cm X 4 cm) gels containing 8 M urea (ultra- 
pure, Schwarz/Mann) and 1% (v/v) ampholine (LKB) pH 
3.5-10.0 at  room temperature. Samples containing 8 M urea, 
1% ampholine, 10% glycerol were applied to gels a t  the cathode 
end and overlayered with 0.2 mL of solution containing 8 M 
urea and 2% (v/v) ampholine. The anode and cathode buffers 
were 0.2% (v/v) sulfuric acid and 0.4% (v/v) ethanolamine, 
respectively. Runs were started a t  a constant current of 1 
mA/tube. When the voltage reached 240 V the run was con- 
tinued at  constant voltage. Total running time was about 16 
h. Gels were removed, equilibrated for approximately 2 h with 
a NaDodS04 buffer (containing 5% (v/v) 2-mercaptoethanol, 
2% (w/v) NaDodS04,  and 0.0625 M Tris-HCI, pH 6.8) and 
run in the second dimension on a NaDodS04 Laemmli slab gel. 
A warm 1% (w/v) agarose solution containing 0.0625 M 
Tris-HCI, pH 6.8, was employed to couple the two gels. The 
pH gradient in the first dimension was determined by cutting 
duplicate gels into 3-mm sections, eluting ampholine from each 
section with 1 mL of water overnight and measuring the pH 
of the resulting solution a t  room temperature (23 "C). Mo- 
lecular weight standards were run in the second dimension of 
each gel by placing 0.10 mL of a solution containing lactate 
dehydrogenase, ovalbumin, catalase, serum albumin, 0-ga- 
lactosidase, and myosin in specially formed wells on each end 
of the slab gel. 

B 

FIGURE 1 :  Densitometric scans of Fast Green stained sodium dodecyl 
sulfate gels of (A) samples containing about 200 pg of SO and 60 pg of 
lXMT, 3XMT, and SXMT, and of (B) the same samples, but eight times 
more concentrated. Electrophoretic migration was from left to right. The 
large central peak is tubulin. Peaks or regions are labeled according to the 
nomenclatures of Tables I and 11: H1 and H2  are HMW-MAPS 1 and 2: 
N l  through N8  are NQ-MAPS 1 through 8: and L1 and L2 are the two 
LMW-MAPS. Bands corresponding to NQ-MAP2 and NQ-MAP3 are 
buried under the tubulin band. 

Gel Filtration Chromatography. Gel filtration chroma- 
tography was conducted with Bio-Gel A-15m (100-200 mesh) 
and with Bio-Gel A-150m (100-200 mesh) obtained from 
Bio-Rad Laboratories. In nearly all cases columns contained 
a short layer of Sephadex G-25 medium (Pharmacia), placed 
on top of A- 15 columns and on the bottom of A- 150 columns. 
The G-25 served to separate small solutes (GTP and residual 
free glycerol) from the proteins (Detrich et al., 1976). All 
columns were equilibrated in P M  buffer made 0.1 mM in GTP 
(Type 11-S, Sigma) and 2 mM in dithiothreitol (Sigma). All 
samples applied to gel filtration columns had protein concen- 
trations between 10 and 20 mg/mL. 

Analytical Sedimentation. Sedimentation velocity experi- 
ments were carried out in a Beckman Model E ultracentrifuge. 
All sedimentation experiments were conducted at  5 "C with 
double-sector aluminum-filled Epon centerpieces of 30-mm 
optical path. The Bridgman equation (Bridgman, 1942; Fujita, 
1975) 

g ( s )  = (l/co)(dco/ds) ( 1 )  
where co is the initial concentration, was employed to evaluate 
the distribution of sedimentation coefficients, g(s). Procedures 
used to compute g ( s )  are described by Schumaker and 
Schachman (1957). 

Electron Microscopy. Samples for electron microscopy were 
negatively stained with 1% aqueous uranyl acetate (Rosen- 
baum et al., 1975) and observed in a Phillips 201 electron 
microscope. 

Results 
Electrophoresis. Densitometric scans of NaDodS04 gels 

of dilute and concentrated samples of microtubule solutions 
are shown in Figure 1 at  four stages of purification. A number 
of nontubulin proteins are visible. Most of these proteins are 
seen to decrease in amount as the preparation is carried 
through more cycles of purification. The bands labeled H 1 and 
H 2  ( of molecular weight 250 000 to 350 000 and here called 
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FIGURE 2 Two-dimensional gels, stained with Cmmassie Blue. of samples containing about 1.2 mg ofSo and 0.5 mg of IXMT,  3XMT. and 5XMT. 
The insert i n  the 3XMT gel represents the tubulin region from a dilute gel showing the splitting of a-tubulin. lsomolecular weight lines were drawn 
by connecting cormpanding molecular weight standards run at each end of the gel. taking into account vertical curvature. Isopl lines were drawn by 
superimpsing the measured pH profile on the slab gel, taking into account lateral curvature. Spats or regions are labeled as in Figure I .  

TABLE I: Amounts of Proteins that Copurify with Tubulin.' 

SO IXMT 3XMT 5XMT 
%Total Ratio to %Total Ratio to %Total Ratio to %Total Ratio to 

Protein protein tubulin protein tubulin protein tubulin protein tubulin Mol wt 
Tubulin 22.3 f 0.1 1.0 65.7 f 0.7 1.0 82.2 f0.8 1.0 82.4 i 3.2 1.0 54 000 

HMW- 2.3 i 0.1 0.103 f 8.5 f 0 . 7  0.129 i 9.3*0.8 0.113+ 10.2f1.0 0.124f 250 000- 
MAPs 0.005 0.01 1 0.010 0.013 350 OOOd 

LMW- 0.7 i 0.1 0.01 I f 0.9 f 0.1 0.01 I i 1.0 f 0.1 0.012 30 000- 

NQ-MAPS 25.1 f 1.5 0.38 * 0.02 7.6 * 1.7 0.09 f 0.02 6.4 f 4.3 0.08 i 0.05 

Results are expressed both as percent of the total protein present on the gel and as the ratio of the amount of a given protein to the amount 
of tubulin. The spxified limits of uncertainty reflect all expected sources of experimental error. Complete analyses were performed on three 
different preparations. NQ-MAPS includes the nonquantitatively purifying proteins NQ-MAPI through NQ-MAP8 (see text and Table 
11). Approximate molecular weight. 

MAPS 0.002 0.001 0.001 35 0 0 0 c  

Sloboda et al. (1975) and Murphy and Borisy (1975). 

HMW-MAPS, for high molecular weight microtubule-asso- 
ciated proteins) and those labeled LI and L2 ( of molecular 
weight between 30 000 and 35 000 and here called LMW- 
MAPs, for low molecular weight microtubule-associated 
proteins) appear to remain constant in amount. Table I shows 
the fraction of the total protein comprising each of these two 
groups, as well as the fraction made up of those proteins that 
decrease in amount during purification. It will be seen that both 
the HMW-MAPS and the LMW-MAPS quantitatively co- 
purify with tubulin: Le., from l X M T  through 5XMT thereis 
a constant weight ratio of MAPs to tubulin. The proteins, 
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comprising eight distinct electrophoretic bands with apparent 
molecular weights ranging from 45 000 to 220 000, as well as 
numerous faint bands, decrease in relative amount by a factor 
of approximately four between 1X and 5X microtubules. We 
consider this latter behavior to represent nonquantitative co- 
purification and call these proteins NQ-MAPS. 

Results of analysis by two-dimensional electrophoresis of 
a microtubule preparation are shown in Figure 2 at four stages 
of purification. This method reveals complexity not seen in the 
one-dimensional gels. First, a-tubulin is seen to be slightly less 
acidic (p l  = 5.4 f 0.1) than j3-tubulin (pl = 5.3 f 0.1). In 
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TABLE 11: Proteins Seen on Two-Dimensional Electrophoresis. 

Quant copurifica- 
Protein App mol wtb  App pIc tion with tubulin 

NQ-MAPI 45 000 5.7 i 0.1 No 
NQ-MAP2O 50 000 No 
NQ-MAP3 60 000 5.8 f 0.1 No 
NQ-MAP4 66 000 5.7 f 0.1 No 
NQ-MAP5 67 000 4.9 i 0.1 No 
NQ-MAP6' LOO 000 No 
NQ-MAP7 160 000 5.1 i 0.1 No 
NQ-MAPB" 220 000 No 
HMW-MAPI 300 000- 5.4 to 5.7 Yes 

HMW-MAP2 250 000- 5.0 to 5.4 Yes 

a,-Tubulin 56 000 5.4 i 0.1 
az-Tubulin 55 000 5.4 i 0.1 
&Tubulin 54 000 5.3 i 0.1 

NQ-MAPZ, 6, and 8 do not appear on two-dimensional gels. They 
are listed here for completeness, Apparent molecular weights as 
judged by mobility in the sodium dodecyl sulfate electrophoresis di- 
mension. The accuracy of these values is estimated to be 10%. Ap- 
parent p l  as judged from position in the isoelectric focusing direction. 

350 OWd 

. .  ' - '11"-&--'1R .-:-w,?-7.7, > 300 Oood '.. 

Sloboda et al. (1975) and Murphy and Borisy (1975). 

addition, the a-tubulin has usually been observed to split into 
two spots in the NaDcdS04 direction (see insert in Figure 2). 
Second, the lowest molecular weight proteins in the HMW- 
MAP group, H M W - M A P ~  (see ~i~~~~ I ) ,  are present as 
several spots, usually three, covering a p l  range of 5.00 to 5.35. 
Third, the highest molecular weight protein in the HMW- 

FIGURE 3: (Abave) Fractionation of 4XMT on a Column (2.5 cm X 
24 cm) containing A-150. (Below) Sodium dodecyl sulfate slab gel a p  
propriate fractions from the chromatogram. Bands or regions are labeled 
as in Figure I, 

MAP group,HMW-MAP1 (see Figure 1). focuses broadly 
over a p l  range of 5.4 to 5.7. Fourth, spots which might cor- 
respond to the LMW-MAPS are not seen in thesegels. Fifth, 
five of the eight major bands that make up the bulk of the 
NQ-MAPS, which do not mpurify in constant ratio to tubulin, 
can be identified on two-dimensional gels, as summarized in 
Table 11. 

Gel Filtration Chromatography. Results have been obtained 
by gel-filtration chromatography which show that the MAPs 
exist as components of aggregated particles in cold-depolym- 
erized microtubule preparations. Chromatography on an 

I 
I 

A-I 50 column a t  4 OC of microtubules prepared by polymer- 
ization-depolymerization (4XMT) is shown in Figure 3, along 
with a NaDcdS04 slab gel showing electrophoresis of several 
fractions from the column eluate. It will be seen that the 
NQ-MAPS and the LMW-MAPS are eluted almost entirely 
in peak 1, near the void volume. Quantitative electrophoresis 
showed this peak to contain about 40% tubulin, 12% HMW- 
MAPs, 2% LMW-MAPS, and 46% NQ-MAPS. This peak 
contains all of NQ-MAPS 5 and 7, and almost all of NQ-MAPS 
3 and 8. The HMW-MAPS appear in both peaks. Their dis- 

1 

tribution (cf. Figure 5A) suggests that they are parts of at least 
two kinds of aggregates: those large aggregates comprising 
peak I and the smaller ones which comprise the left-hand edge 
of peak 11. 

The IOO-A Filaments. The exclusion limit of A-150 cor- 
responds to particle weights of about I50 000 000 for globular 
particles, and peak I of Figure 3 emerges close to the void 
volume of the column. This peak must therefore be composed 
of particles in the size range of many tens of millions molecular 
weight, evidently aggregates of the proteins seen by NaDod- 
SO4 electrophoresis. Electron microscopic observation of this 
material shows that it contains numerous flexible filaments 
of diameter approximately 100 A, decorated with globular 
particles and linear projections. A representative field of peak 

I 
FIGURE 4: Electron micrograph of material from peak I from an A-IS0 
column loaded with 4XMT. A I-pm bar is present at the bottom of the 
micrograph. Thesamplc was kept at 4 'C befareandduringits Preparation 
for electron microscopy. 

I material is shown in Figure 4. Material from peak I1 readily 
polymerizes to give structures recognized as microtubules in 
the electron microscope. 

Two experiments were performed to assess the possibility 
that the 100-k, filaments might be artifacts of the polymer- 
ization and depolymerization process in vitro. In the first ex- 
periment, a 2XMT preparation was subjected to chromatog- 
raphy on an A-150 column with the results shown in Figure 
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I I 
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FIGURE 5: (A )  (Abovc) Fractionation of 2XMT on a composite column 
(2.5 cm X 19 cm) of A-IS0 (13 cm) and G-25 (6 cm). (Below) Sodium 
dodecyl sulfate slab gels of indicated fractions are also shown: (0 )  rep- 
resent the column profile of the HMW-MAPS erprssed in arbitrary units 
(points were determined by scanning of Fast Green stained sodium dodecyl 
sulfate cylindrical gels). Fractions 41 -16 in this wlumn were p l e d  with 
equivalent material from a previous run. concentrated, desalted, and cycled 
(as described in Materials and Methods) an additional time to give 3XMT. 
(B) The 3XMT preparation was then fractionated an the same column. 
The chromatogram and sodium dadecyl sulfate slab gels of various frac- 
tions are shown. 

5A. Peaks I I  from two such columns were p l e d ,  concentrated 
by ammonium sulfate precipitation (solution was brought to 
50% saturation by the addition of solid ammonium sulfate), 
desalted by means of a (3-25 column, carried through another 
round of assembly, centrifugation, disassembly, and centrif- 
ugation, and subjected to rechromatography on an A-I50 
column. The resulting chromatogram is shown in Figure 5B. 
The NaDodSO., gels shown there indicate that in peak I1 the 

ID 

0 

II 
m 

0.5 

0 
0 40 60 80 

FRACTION NUMBER 

1495662 70 83 

FIGURE 6: Fractionation alSo (prepared as described in Materials and 
Methods. but brain tissue was homogenized with PM instead of PM-4M 
buffer) on a composite column (2.5 cm X 19 cm) containing A-150 (13 
cm) and G-25 (6 cm). Sodium dodecyl sulfate slab gels of indicated 
fractions are also shown 

only major protein present besides tubulin is HMW-MAPZ. 
Electron micrographs of material from peak I showed only a 
small number of short 100-8, filaments. These few filaments 
were probably present in the fractions initially pooled, since 
peaks I and 11 were not completely resolved in the first sepa- 
ration. 

In  the second experiment, crude high speed supernatant 
prepared from brain homogenized in PM buffer (and thus in 
the absence of glycerol), was subjected to gel filtration on a 
composite column of A-I50 and G-25. The resulting column 
profile and NaDodS04 gel analysis are shown in Figure 6. The 
gel patterns of samples from the first peak (fractions 28-35) 
are similar to those observed for purified microtubule prepa- 
rations (cf. Figures 3 and 5A). They differ only in the relative 
amount of HMW-MAPS seen. Electron microscopic obser- 
vation of material in this peak shows the presence of the same 
flexible filamentsshown in Figure 4, about 100 8, in diameter 
and lightly decorated with particles. Both experiments indicate 
that the 100-8, filaments are not created during microtubule 
purification. 

The sensitivity of the filaments to conditions which affect 
disassembly or assembly of microtubules has been assessed by 
measuring the turbidity and sedimentation boundary shapes 
of peak 1 material from an A-150 column. No change in either 
of these properties is detectable upon the addition of 3 mM 
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CaC12 or of I m M  colchicine, or following incubation a t  37 "C 
for 90 min. Some colchicine has been found to bind to material 
in this fraction, but appears to be a t  a lower molar ratio of 
colchicine to tubulin than that expected based on the amount 
of tubulin present. These filaments do not bind to DEAE-cel- 
lulose, but do bind to phosphocellulose and can, to some extent, 
be eluted from it by high concentrations of salt. This latter 
property is unexpected since all major proteins in the fila- 
ment-containing peak have been shown by isoelectric focusing 
to be acidic proteins. 

In order to assess the size and polydispersity of the aggre- 
gates fractionated by A- 150 columns from cold-depolymerized 
microtubule preparations, sedimentation velocity experiments 
were performed a t  5 "C. Boundary analysis was carried out 
with sedimentation runs on samples of peak I from an A- 150m 
column, according to eq 1 .  The resulting distribution of sedi- 
mentation coefficients is shown in Figure 7. It indicates that 
peak I material is polydisperse, having a modal sedimentation 
coefficient of about 70 S. The sedimentation coefficients of the 
100-8, filaments are  included within this distribution, and it 
is therefore likely that the majority of these filaments have 
sedimentation coefficients less than about 200 S. 

Discussion 
The data presented above indicate that the proteins which 

are found to co-purify with calf-brain tubulin upon repeated 
cycles of the assembly-disassembly process can be divided into 
two groups, one of which (the HMW-MAPS and the LMW- 
MAPs) is quantitatively copurified with tubulin, and the other 
of which (the NQ-MAPS) is found in relative amounts which 
decrease as the number of purification cycles increases. The 
results of the gel-filtration chromatography experiments show 
that a t  4 OC, in the native state, the proteins comprising each 
of these groups are  present predominantly as components of 
aggregates of high molecular weight. That fraction of the de- 
polymerized microtubule preparation of particle size large 
enough to be excluded from Bio-Gel A-1 50m, which has an 
exclusion limit of 150 000 000 daltans, contains large amounts 
of 100-8, filaments. This fraction also contains about 50% of 
the HMW-MAPS and LMW-MAPS, and essentially all of the 
NQ-MAPS. The results of rechromatography and of direct 
isolation from crude brain extract indicate that the 100-8, 
filaments are stable structures, presumably originating in the 
brain tissue, rather than abnormal assembly products such as 
those reported by Lee and Timasheff ( 1  975) and by Borisy et 
al. (1972). When microtubules are  polymerized from prepa- 
rations from which the 100-A filaments have been removed 
by gel filtration, they contain tubulin and HMW-MAP 2 as 
the only major components (Figure 5). 

Significance of the MAPS.  The probable minimum fraction 
of a minor protein component detectable in a microtubule 
preparation by our techniques is approximately 0.1%. This level 
of detection may be visualized in Figure 1 B by noting that the 
two components of the LMW-MAPS together make up 1% of 
the total protein applied to the gel. At this level of detection, 
only HMW-MAP2 is incorporated (in addition to tubulin) into 
microtubules when they are assembled from a preparation of 
microtubule protein from which the 100-A filaments have been 
removed, 

Weingarten et al. (1975), Penningroth et  al. (1976), and 
Witman et al. (1976) have reported that a protein factor (tau) 
of molecular weight 60 000 to 70 000 is stoichiometrically 
required for the assembly of hog-brain microtubules and for 
the formation of 3 6 s  rings by hog-brain tubulin. Tau is re- 
ported to copurify with tubulin through several cycles of an 
assembly-disassembly purification procedure. No similar 
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FIGURE 7: Distribution of sedimentation coefficients of a sample (0.56 
mg/mL) from peak I of a composite column of A - I  50 and (3 -25  loaded 
wi th  2XMT (calculated data was taked from scans made 9 min (m) ,  17 
min (A), and 25 min ( 0 )  after reaching speed). Runs were made at 20 000 
rpm at 5 OC. 

factor seems to be present in our preparations. Only NQ-MAPS 
3, 4, and 5 are in the appropriate molecular weight range. 
NQ-MAPS 3 and 5 are completely removed with the 100-8, 
filament fraction, and are probably parts of those filaments. 
NQ-MAP4, although not present in detectable amount in 
microtubules assembled from non-filament-containing mi- 
crotubule protein, does not copurify stoichiometrically with 
tubulin. Unless a protein quantitatively copurifies with tubulin 
through repeated cycles of polymerization and depolymer- 
ization, it is unlikely to be required for microtubule assembly. 
Even if a protein does copurify quantitatively, however, it may 
not be a necessary component. Thus, although HMW-MAP2 
copurifies quantitatively with calf-brain tubulin, nothing in 
our results shows that it is necessary for microtubule poly- 
merization. Since various solvent conditions (Lee et al., 1975; 
Frigon et al., 1974; Rebhun et al., 1975; Lee and Timasheff, 
1975; Scheele and Borisy, 1976; Himes et al., 1976; Herzog 
and Weber, 1977) and polycations (Behnke, 1975; Jacobs et 
al., 1975; Levi et al., 1975; Erickson and Voter, 1976) have a 
pronounced effect upon tubulin's ability to form aggregates 
and microtubules, the ascribed significance of all copurifying 
proteins should be viewed with caution. 

The fractions of MAPs specified in Table I cannot be re- 
garded as specifying definitive properties of the microtubule 
for two reasons. First, in the cases of the HMW-MAPS and the 
LMW-MAPS we have found it necessary to lump two or more 
proteins under one heading because their electrophoretic res- 
olution was insufficient to allow their amounts to be specified 
separately. Second, there is as yet no independent purification 
method for any one of the MAPs, and the possibility remains 
that any of the electrophoretic bands may be composed of more 
than one protein. 

The 100-A Filaments. It is not clear why the 100-8, fila- 
ments are  inefficiently removed in the preparative process, 
although the following explanation seems plausible. From the 
data of Figure 7, it is apparent that the bulk of the filament- 
containing fraction from the A- 150 column has sedimentation 
coefficients less than 200 S in PM buffer. Since the cold cen- 
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trifugation step in the purification procedure is carried out in 
a medium approximately 0.5 M in glyerol, the sedimentation 
coefficients are reduced by 27% due to the increase in solvent 
density and viscosity caused by the glycerol. The sedimentation 
coefficients of the fibers thus lie in the range of values less than 
146s.  At  96 OOOg for 30 min, their migration would be less 
than 3.1 cm; therefore, most of these fibers would be recovered 
in the supernatant of the cold spin, together with the dissociated 
microtubule protein. In the warm centrifugation steps, it is less 
clear why the 100-A filaments are not removed. We consider 
it likely, however, that the gel-like network of microtubules 
entraps these filaments, effectively dragging them down into 
the pellet. 

The major piece of evidence suggesting that these filaments 
are neurofilaments is their ultrastructural similarity, but ad- 
ditional similarities exist in their physicochemical properties. 
Qualitative observations indicate that exposure to 1 M NaCl 
does not eliminate the characteristic turbidity seen in depo- 
lymerized microtubule preparations. Since high salt concen- 
trations dissociate ring aggregates (Weingarten et  al., 1974; 
Borisy et al., 1975), residual turbidity must be from the 100-A 
filaments. This interpretation is consistent with the work of 
Keats and Hall (1979,  which showed that the 100-A filaments 
are stable to high salt treatment. Such insolubility is also 
characteristic of mammalian neurofilaments (Shelanski et al.. 
197 1 ; Davison and Winslow, 1974). 

The protein composition of the 100-A filament-containing 
fraction is compatible with the possibility that these filaments 
are neurofilaments. Davison and Winslow (1974), Yen et al. 
(1976), and Jorgensen et ai. (1976) have reported that neu- 
rofilaments from the white matter of calf brains are  predom- 
inantly composed of one protein of electrophoretic mobility 
similar to that of tubulin. Conclusive identification of the ob- 
served filaments must await further work. 

Two-Dimensional Electrophoresis. Since this is the first 
report of the application to microtubule preparations of the 
two-dimensional isoelectric focusing and NaDodS04 elec- 
trophoresis method, some remarks on this useful separation 
are in order. Microheterogeneity of tubulin has been investi- 
gated by several laboratories (Feit et al., 1971; Witman et al., 
1972; Olmsted, 1971; Bibring et al., 1976; Lu and Elzinga, 
1977). Our two-dimensional electrophoresis results confirm 
that tubulin derived from cytoplasmic microtubules contains 
a t  least three different tubulin polypeptide chains: two a and 
one p. Therefore, there must be a t  least two types of ab het- 
erodimers in  these microtubules. Qualitative observations of 
two-dimensional gels of fraction from peaks I and I1 obtained 
on A- 150m and A- 15m columns reveal no differences in the 
number and relative amounts of tubulin spots seen. Hence, the 
separable aggregates in microtubule preparations which 
contain tubulin show no preference for one heterodimer or the 
other, Because urea is required to observe the resolution of the 
a chains, the normal NaDodSOd binding of these proteins must 
be altered by its presence (Weber and Kuter, 1971; Miller and 
Elgin, 1974), permitting minor differences to be amplified as 
suggested by Bibring et al. (1976). The detailed explanation 
for the splitting of a-tubulin will have to await chemical 
analysis of the polypeptide chains. 

The HMW-MAPS and LMW-MAPS show unusual prop- 
erties upon isoelectric focusing. None of the LMW-MAps 
penetrate the gel because either their pfs are  outside the pH 
range of the experiments or they are part of a structure both 
too large to enter the gel and resistant to dissociation by urea. 
Proteins in the HMW-MAP group, similar to those reported 
by others (Erickson, 1974; Borisy et  al., 1975; Burns and 
Pollard, 1974; Gaskin et al., 1974; Sloboda et  al., 1975; Ku- 

riyama, 1975, Haga and Kurokawa, 1975; Keats and Hall, 
1975), show a strong tendency to streak and a variability be- 
tween electrophoretic experiments in the relative intensity of 
spots which appears to be a function of loading concentration. 
None of this peculiar behavior is observed i n  the one-dimen- 
sional tube or slab gels. Further work will be required to de- 
termine its origin. 
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