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ABSTRACT 

Several high molecular weight polypeptides have been shown to quantitatively 
copurify with brain tubulin during cycles of  in vitro assembly-disassembly. These 
microtubule-associated proteins (MAPs) have been shown to influence the rate 
and extent of  microtubule assembly in vitro. We report here that a heat-stable 
fraction highly enriched for one of the MAPs,  MAPe (mol wt - 3 0 0 , 0 0 0  daltons), 
devoid of MAP1 (mol wt - 3 5 0 , 0 0 0  daltons), has been purified from calf 
neurotubules. This MAPz fraction stoichiometrically promotes microtubule as- 
sembly, lowering the critical concentration for tubulin assembly to 0.05 mg/ml. 
Microtubules saturated with MAPe contain MAP2 and tubulin in a molar ratio of 
- 1  mole of  MAP2 to 9 moles of  tubulin dimer. Electron microscopy of thin 
sections of  the MAP2-saturated microtubules fixed in the presence of tannic acid 
demonstrates a striking axial periodicity of 32 -+ 8 nm. 
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Brain tubulin copurifies with at least two high 
molecular weight proteins which have been shown 
to maintain a constant stoichiometry to tubulin 
through several cycles of assembly and disassem- 
bly (4, 30, 44, 52). These high molecular weight 
proteins, called MAPs (44) for microtubule-asso- 
ciated proteins, have been shown to influence 
both the initiation and elongation processes of 
microtubule assembly in vitro (30, 31, 43). By 
fluorescence microscopy, using fluorescein-la- 
beled MAP antibodies, the MAPs have been 
shown to be distributed all along the lengths of 
microtubules in situ (9, 41). The MAPs have also 
been visualized by electron microscopy as a fila- 
mentous coating on the surfaces of microtubules 

assembled in vitro (10, 29, 41,42). The filamen- 
tous coating resembles the filaments observed on 
neuronal microtubules in situ (14, 45, 46), and 
sodium dodecyl sulfate (SDS) electrophoresis has 
shown isolated, intact neurotubules to consist, in 
part, of polypeptides of molecular weights similar 
to those of the MAPs (20). 

The in vivo functions of these filamentous 
MAPs are unknown, but several hypotheses can 
be proposed: (a) they may impart structural sta- 
bility, by bridging microtubules to each other, to 
100 ,~ filaments, or to other structures such as the 
cell membrane; (b) they may have a motile func- 
tion and be directly involved in the translocation 
of particles and organelles; or (c) they may pro- 
vide structural support for an actomyosin system 
which in turn may be directly involved in transio- 
cation of particles. There is ultrastructural or 
biochemical evidence for the first two possibilities 
(references 14, 45, 46, see 11 for others) but little 
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evidence for the third, although actin and myosin 
are present in neurons (5, 7, 18, 2 1 , 2 2 ,  23). 

Because microtubules are composed of subunits 
assembled in a regular periodic fashion (2, 12), it 
is reasonable to expect that structures associated 
with them will also show a periodicity which 
reflects some multiple of  the subunit periodicity. 
The dynein arms and radial links, periodically 
arranged on the outer  doublet  microtubules of  
cilia and flagella, are examples of  this (16). Re- 
cently, Amos  (2), using negatively stained prepa- 
rations of in vitro assembled neurotubules, was 
able to show by optical diffraction a longitudinal 
periodicity of  32 nm attributed to the MAPs.  This 
periodicity, however,  was difficult to observe di- 
rectly in the negatively stained preparations. 

This report demonstrates that a heat-stable frac- 
tion highly enriched for one of  the MAPs,  MAP• 
will stoichiometrically promote  the assembly of 
microtubules, decorating them with projections 
whose periodicity can be visualized in thin-sec- 
t ioned material by use of  improved staining pro- 
cedures. 

M A T E R I A L S  A N D  M E T H O D S  

Preparation o f  Microtubule Protein 
Twice-cycled microtubule protein (2 • MT) was 

prepared from calf brain tissue by a modification (4) of 
the Shelanski et al. (39) procedure, except that the 
second polymerization was done without glycerol. The 
protein was frozen as microtubute pellets in liquid nitro- 
gen and stored at -20~ 

Purification o f  Tubulin Dimers 
Tubulin dimers were obtained by molecular sieve 

chromatography of 2 • MT as described by SIoboda et 
al. (43), using a Bio-Gel A 1.5 M column (Bio-Rad 
Laboratories, Richmond, Calif.) (gel bed dimensions 2.5 
x 25 cm) equilibrated in column buffer (CB): 50 mM 
piperazine-N,N'bis (2-ethanesulfonic acid) (PIPES), pH 
6.9, 0.5 mM MgSO4, 1 mM ethylene glycol-bis-(/3 
aminoethyl ether) N,N'-tetraacetic acid (EGTA), 0.1 
mM Guanosine-5'-triphosphate (GTP). Tubulin dimers 
eluted in the peak corresponding to an apparent molec- 
ular weight of 100,000 daltons (43); this peak was 
pooled and concentrated to 4-8 mg/ml by pressure 
dialysis using an Amicon Ultrafiltration apparatus and a 
PM30 filter (Amicon Corp., Lexington, Mass.). The 
protein either was used immediately or was stored as 
droplets in liquid nitrogen. 

Purification o f  MAPs 
Unfractionated MAPs were obtained by ion-exchange 

chromatography of 2 • MT on phosphocellulose accord- 

ing to a modification (43) of the method of Weingarten 
et al. (53), and clarified by centrifugation at 160,000 g 
for 1 h at 4~ in a Type 65 rotor (Beckman Instruments, 
Inc., Spinco Div., Palo Alto, Calif.). The clarified 
supernate was desalted into CB without GTP by centrif- 
ugation through Sephadex G-25 (34) and stored as 
droplets in liquid nitrogen. 

MAP2 Purification 
A heat-stable fraction was obtained from 2 x MT by 

the following modification of the method of Fellous et 
al. (13): 2 x MT pellets were resuspended in CB 
containing 2 raM dithiothreitol (DT'f) and 0.75 M 
NaCL, depolymerized for 30 rain at 0~ and then 
immersed in a 100~ water bath for 5 rain. A clear 
supernate was obtained by centrifugation of the heated 
solution at 40,000 g for 30 min at 4~ This supernate 
was concentrated to - 1 0  mg/ml by pressure dialysis with 
an Amicon filter. To further enrich for MAP2, the 
supernate was chromatographed on a Bio-Gel A 1.5 M 
column (gel bed dimensions: 1.5 • 55 cm) equilibrated 
in the same buffer used for the heating. 1.5-ml fractions 
were eluted with a hydrostatic pressure head of 100 cm 
and monitored for absorbance at 280 nm. The fractions 
were pooled as shown in Fig. 2, concentrated in dialysis 
tubing with Aquacide (Calbiochem, San Diego, Calif.), 
and then desalted into CB without GTP. These fractions 
were frozen and stored as droplets in liquid nitrogen. 

Protein Determination 

Protein concentrations were determined by a modifi- 
cation (38) of the method of Lowry et al. (27), using 
bovine serum albumin as the standard. 

Electrophoresis 
SDS-urea potyacrylamide slab gel electrophoresis was 

carried out according to the method of Laemmli (24), 
except that the gels contained a 4-16% acrylamide 
gradient, a 1-8 M urea gradient, and no SDS in either 
the stacking or the separating gel (J. Jarvik, unpublished 
data). The gels (20 x 15 • 0.15 cm) were stained with 
Coomassie Brilliant Blue R. For quantitation, samples 
were electrophoresed on 8% Laemmli slab gels (8 x 16 
• 0.075 cm), which were stained and fixed in 0.5% Fast 
Green (17) in 50% methanol-7% acetic acid for 1 h at 
55~ and then destained in 5% methanol-7% acetic 
acid for 1-2 h at 55~ appropriate channels were cut 
out of the slab and scanned at 650 nm on a Gilford 
spectrophotometer (Gilford Instrument Laboratories 
Inc., Oberlin, Ohio) equipped with a linear transport. 
The peak areas were determined by planimetry. 

Polymerization Assay 
Microtubule polymerization was monitored by contin- 

uously recording the increase in absorbance at 350 nm 
(15) in a Gilford spectrophotometer equipped with a 
temperature-controlled cuvette. All polymerization was 
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carried out in CB, with the GTP adjusted to 1 mM, All 
components for the reactions were mixed at 4~ and 
polymerization was initiated by raising the temperature 
from 4 ~ to 37~ 

Electron Microscopy 
Negative-stain electron microscopy was performed as 

described previously (37). Thin-section electron micros- 
copy was carried out using a modification of procedures 
developed by Tilney et al. (48) and Begg and Rebhun 
(3): Microtubules were sedimented at 40,000 g for 30 
min at 25~176 The pellets were fixed overnight at 
room temperature in 1% glutaraldehyde, 1% tannic 
acid, 10 mM NaH~PO4, pH 7.0. The pellets were 
postfixed for 30 min at 4~ with 0.5% osmium tetroxide 
in 10 mM NaH2PO4, pH 6.0, and stained en bloc for at 
least 6 h with 1% aqueous uranyl acetate. The samples 
were dehydrated with acetone, embedded in Spurr's 
medium (47), and sectioned on a Porter-Blum MT-2 
ultramicrotome (DuPont Instruments-Sorvatl, DuPont 
Co., Wilmington, Del.). Sections were stained for 30 
min in 2% uranyl acetate in 12.5% methanol and 35% 
ethanol, then for 30 rain in 0.4% lead citrate in 0.1 N 
NaOH. Electron microscopy was done with a Philips 
201 electron microscope, calibrated with a carbon rep- 
lica of an optical diffraction grating. 

RESULTS 

Purification of MAP2 Fraction 

Calf brain microtubules purified by two cycles 
of assembly-disassembly contained tubulin and the 
high molecular weight MAPs 1 and 2, as well as a 
number of other minor polypeptides (Fig. 1 a ). It 
should be noted that both MAPs 1 and 2, which 
normally migrate as single bands on 8% Laemmli 
SDS gels, were each resolved into two distinct 
polypeptides on tile acrylamide-urea gradient gels 
described here. When 2x  microtubule protein 
was heated to 100~ for 5 min, no change in the 
electrophoretic composition of the total protein 
was noted (Fig. 1 b);  however, subsequent centrif- 
ugation sedimented all of the MAP~, all of the 
tubulin 1, and many of the minor species present in 
the original preparation (Fig. 1 c). The clear su- 
pemate, which contained - 1 5 %  of the total pro- 
tein, was greatly enriched for MAPs, but still 
contained other polypeptides of molecular weight 
lower than that of MAP2 (Fig. 1 d). 

A further enrichment for MAP2 was accom- 

1 Although there were two bands in the supernate with 
molecular weights similar to those of a and fl tubulin, 
these species have been determined not to be tubulin by 
the 2-dimensional gel electrophoresis technique of 
O'Farrell (35) (data not shown). 

F~GURE 1 SDS-urea polyacrylamide gel electrophore- 
sis showing the purification of the heat-stable fraction 
from calf brain microtubule protein. (a) 40/xg of twice- 
cycled microtubule protein before exposure to t00~ 
(b) same asa, but after 5-rain exposure to 100~ (c) 40 
gg of pellet obtained upon centrifugation of b; (d) 20 
ktg of supemate obtained upon centrifugation of b. The 
numbers on the right indicate molecular weight stan- 
dards. 

plished by molecular sieve chromatography of the 
heat-stable supernate, as shown in Fig. 2. ~75% 
of the MAPz in the column load (Fig. 3a)  eluted 
in the void volume (Fig. 3b) .  Quantitation of 
SDS gels of this void volume showed it to be 80% 
MAP2 by weight, with no species smaller than 
145,000 daltons (Fig. 4). For purposes of discus- 
sion, this fraction (Fig. 4) will be referred to as 
MAP2. 

In Vitro Stimulation of Microtubule 
Assembly by the MAP2 Fraction 

At a tubulin dimer concentration of 1 mg/ml, 
where there was no self-assembly, MAPs stoichi- 
ometricaUy promoted the assembly of microtu- 
bules (Fig. 5). Above an initial MAP~:tubulin 
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FmUR~ 2 Molecular sieve chromatography of super- 
nate of heated 2 x MT (Fig. 1 d) on Bio-Gel A 1.5 M. 
Each fraction is 1.5 ml. Peak I eluted at the void volume; 
fractions eluting subsequent to the void volume were 
pooled and concentrated into groups II, IlI, and IV, as 
indicated. 

ing concentrations of MAPs, the critical concen- 
tration for tubulin assembly was 0.05 mg/ml. 

To determine how MAPs saturation of tubulin, 
as indicated turbidimetrically, would be reflected 
in the assembled microtubules, two samples .with 
initial MAP2:tubulin mass ratios of 1:1 and 2:1, 
both saturated with respect to MAPs, were polym- 
erized, pelleted, and analyzed by SDS electro- 
phoresis (Fig. 6). Quantitation of the gels revealed 
that the mass ratio of MAPs:tubulin in both pellets 
was the same, 0.29 - 0.018, or, - 1  mol MAPJ9 
mol tubulin dimer, using molecular weights of 
300,000 daltons for MAPs (44) and 110,000 
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FmURE 4 Densitometric scan of the MAP2 fraction 
after electrophoresis on an 8% Laemmli gel and staining 
with Fast Green. Left and right arrows indicate top of 
gel and tracking dye, respectively. I0 ttg of protein was 
loaded. 

FtGURE 3 SDS-urea gel showing fractionation of 
heated supemate of 2 x MT on Bio-Gel A 1.5 M. (a) 
20 ttg of column load (heated supemate); (b) 10 tzg of 
void volume (Fig. 2, peak I); (c-e) 40 t~g each of pooled 
fractions II, III, and IV (see Fig. 2). 

mass ratio of 1:1, the total amount of polymer 
assembled at the apparent equilibrium did not 
increase, indicating that the system was saturated 
with respect to MAPs. In the presence of saturat- 
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Microtubule assembly stimulated by the pu- l~Gut~ 5 
rifled MAP2 fraction. The tubulin concentration was 
held constant at 1 mglml. The MAPs fraction concentra- 
tion in mg/ml is indicated by the numbers next to the 
turbidity curves. 
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FmURE 6 SDS-urea gel showing amounts of MAP2 
and tubulin in two different microtubule pellets, both 
saturated with respect to MAPz. (a) 30/~g of the tubulin 
used in these experiments; (b) 10 /~g of the MAP2 
fraction used in these experiments; (c) 30/~g of a pellet 
of microtubules polymerized with an initial MAP2 :tubu- 
lin mass ratio of 1:1; (d) 30 /.tg of a pellet of microtu- 
bules polymerized with an initial MAP2:tubulin mass 
ratio of 2:1. 

daltons for tubulin (25). For this quantitation, 
only the dominant MAPs bands, indicated in Figs. 
1 ,3 ,  and 6, were taken into account. 

MAPz Axial Periodicity 
When thin sections of MAP2-saturated micro- 

tubules were examined by electron microscopy, 
periodic filamentous projections could be seen 
along the lengths of many of the microtubules 
(Fig. 7a, 8, and 9c). Direct measurement of 
spacings between adjacent projections yielded an 
axial periodicity of 29 -+ 2 nm. Because of the 
morphological nature of the projections, however, 
direct measurement of spacings often could only 

be made along short distances of microtubules. To 
enhance the MAP2 axial periodicity, two types of 
translational superpositioning procedures (29) 
were employed. 

The first procedure involved the superimposi- 
tion of duplicate negatives containing fields of 
microtubules oriented parallel to one another. 
One negative was moved along the microtubule 
axis while keeping the other negative stationary 
until a periodicity was enhanced. The negatives 
were then taped in this position and printed, 
resulting in whole fields of microtubules with 
projections whose axial periodicity had been ob- 
viously enhanced (Fig. 7 b ). This method yielded 
an average periodicity of 36 - 4 nm. The second 
method was to project an individual microtubule 
image, measure a spacing between two projec- 
tions, and then print multiple exposures on the 
photographic paper, moving the paper along the 
microtubule axis the same, measured spacing be- 
tween exposures. Typical results of this type of 
analysis are shown in Fig. 8; the average axial 
periodicity obtained from this method was 30 --- 2 
nm. Weighting the three techniques of measure- 
ment equally, the axial periodicity was 32 - 8 nm. 
Microtubules assembled from tubulin without 
MAPs appeared smooth-walled (Fig. 9a) ,  and no 
enhancement of a similar axial periodicity due to 
projections was obtained, using the translation 
techniques described. 

Analysis of  Transverse Sections 

Electron microscopy of transverse sections of 
three different microtubule populations (tubulin 
alone, tubulin plus saturating levels of MAP2, and 
tubulin plus saturating levels of unfractionated 
MAPs) revealed that, when subjected to identical 
centrifugation conditions (see Materials and 
Methods), the different populations of microtu- 
bules sedimented with different center-to-center 
spacings. Center-to-center spacing here refers to 
the distance from the center of one microtubule to 
the center of another. Microtubules polymerized 
without MAPs tended to sediment very closely 
together, in clusters, with a center-to-center spac- 
ing of 44 -+ 18 nm (Fig. 9a).  Microtubules 
polymerized with unfractionated MAPs (predom- 

FIGURE 7 Thin sections of microtubules saturated with respect to MAP.2. (b) was produced by moving 
duplicate negatives of a relative to each other until the best reinforcement of an axial periodicity on the 
microtubules was evident. In this case, the distance moved was equivalent to 33 nm. Bar, 0.2/zm. 
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I~GURE 8 Electron micrographs of thin sections of MAp2-saturated microtubules before and after 
translational superposition. In each pair of micmtubule images, the fight one was produced by translational 
superposition along the axis of the microtubule by a distance determined by measuring a spacing between 
projections on the original microtubule in the left image. (a) was photographed 3 times, with the 
translation increment equivalent to 29 nm; (b) was photographed 3 times, with the translation increment 
equivalent to 28.2 nm, (c) was photographed 4 times, with the translation increment equivalent to 27.5 
rim. 

inantly MAPs 1 and 2) sedimented with a center- 
to-center spacing of 75 -+ 12 nm (Fig. 9b) .  For 
microtubules polymerized with the purified MAPs 
fraction, the center-to-center spacing was 89 + 19 
nm (Fig. 9c) .  Assuming a microtubule diameter 
of 25 nm, then the average distance from one 
microtubule wall to another was 19 •  nm for 
microtubules without MAPs, 50 • 12 nm for 
microtubules saturated with unfractionated MAPs, 

and 64 -+ 19 nm for microtubules saturated with 
the MAPz fraction. 

It should be noted that 95 % of the microtubules 
polymerized under  the experimental conditions 
described in this report contained 14 protofila- 
ments rather than 13 (Fig. 9, insets). 

DISCUSSION 

The literature reports many observations of 

FIrURE 9 Thin sections of microtubules assembled with and without MAPs. All samples were identically 
centrifuged for 30 min at 40,000 g, at 25~176 Insets are enlargements of representative transverse 
sections. (a) microtubules polymerized from tubulin only; (b) microtubules saturated with unfractionated 
MAPs; (c) microtubules saturated with the purified MAPs fraction, x 76,400. 
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"arms" on microtubules (see Mclntosh [29] and 
Dustin [11] for reviews). Arms have been ob- 
served in situ connecting microtubules to one 
another, as in the axostyle of Saccinobaculus (28), 
the mitotic apparatus (19), the feeding organeiles 
of certain ciliates (49, 51), and the flagellar axo- 
neme (47, 48), as well as to other cellular organ- 
elles such as mitochondria (46), synaptic vesicles 
(45), membranes (1, 6, 36, 40, 50), and pigment 
granules (32). With few exceptions (28, 49), 
however, an axial periodicity of the arms or 
bridges in situ has not been readily observable, 
although the precise, periodic arrangement of the 
tubulin dimers in the microtubule (2, 12) would 
seem to preclude a random binding of associated 
molecules. 

This report demonstrates the visualization of a 
32-nm axial periodicity on in vitro-assembled 
brain microtubules due to binding of a fraction 
enriched for the high molecular weight MAP2 
protein. Although the filamentous decoration of 
in vitro-assembled brain microtubules by unfrac- 
tionated MAPs has been shown (10, 30), and a 
periodicity of 32 nm demonstrated by optical 
diffraction of negatively-stained microtubules (2), 
this is the first time that the periodic nature of the 
projections has been readily observed in thin 
sections of microtubules assembled in vitro. This 
visualization was facilitated by use of saturating 
amounts of a purified MAPs fraction in the assem- 
bly mixture, by the inclusion of tannic acid in the 
fixative solution, and by en bloc staining with 
uranyl acetate. 

Both the 32-nm axial periodicity and the molar 
stoichiometry of 1 MAP2/9 tubulin dimers re- 
ported here "fit" with the helical MAP superlat- 
tice proposed by Amos (2) (see also Vailee and 
Borisy, reference 52). However, this model pre- 
supposes a 13-protofilament microtubule, and 
95 % of the microtubules analyzed in this report 
contain 14 protofilaments rather than 13 (see Fig. 
9, insets). Any deviations in protofilament num- 
ber will probably affect the MAP superlattice, but 
the extent of this effect has yet to be determined. 

While conclusive data on in vivo functions for 
the arms and bridges on brain microtubules are 
lacking, it has been shown that, in vitro, the rate 
and extent of brain microtubule assembly are 
dependent stoichiometrically on MAP concentra- 
tions (30, 31, 43), and that microtubules assem- 
bled in vitro with MAPs are more stable to cold 
depolymerization (30, 42). The present report 
shows that a MAP2-enriched fraction, without the 

higher molecular weight MAP1 or species smaller 
than 145,000 daltons, stimulates microtubule as- 
sembly stoichiometrically (Fig. 5). That this MAP2 
fraction has been enriched for the stimulatory 
activity is indicated by the lowering of the critical 
concentration for tubulin assembly to 0.05 mg/ml. 
Earlier experiments indicated a critical concentra- 
tion for tubulin assembly of - 0 . 2  mg/ml in the 
presence of less fractionated MAP fractions (31). 

Preliminary data indicates that fractions con- 
taining lower molecular weight species, resolved 
from the MAP2 fraction by molecular sieve chro- 
matography, also promote microtubule assembly. 
Because of the large number of species in these 
fractions, however (see Fig. 3, c-e) ,  and because 
the proportions among these species are not re- 
producible (unpublished data), quantification of 
the polymerization-inducing activity in these col- 
umn fractions has been difficult. The present data 
show only that a MAP2-enriched fraction, without 
other factors of lower molecular weight which 
have been purported to stimulate brain microtu- 
bule assembly (8, 13, 26), will promote in vitro 
assembly of brain microtubules, and that the brain 
microtubules assembled in vitro contain a finite 
number of binding sites for the MAPs fraction. 

The higher molecular weight MAP~ (mol wt 
-350,000 daltons) (44) has been shown previ- 
ously to quantitatively copurify with MAPs and 
tubulin (4, 30, 33, 44), yet the data presented 
here indicate that MAP1 is not required with 
MAP2 for stimulation of assembly in vitro. This 
does not discount the possibility that MAP1 alone 
may stimulate microtubule assembly in vitro, or 
that MAP~ may be required for microtubule func- 
tion in vivo. It remains to be determined how 
MAP1 is involved in microtubule assembly and/or 
function. 

It should be noted that the MAPz fraction, 
while greatly enriched for MAPs, still contains 
minor amounts of several other high molecular 
weight species (see Figs 3 b and 4), most of which 
appear to copolymerize or at least cosediment 
with in vitro-assembled mierotubules (see Fig. 6). 
Whether these minor species are proteolytic frag- 
ments of MAPs that are still able to bind to 
microtubules (43, 52), or whether they constitute 
other species that interact with microtubules, is 
not known. 

Electron microscopy of transverse sections of 
microtubule pellets shows that microtubules, po- 
lymerized with either unfractionated MAPs or the 
more highly purified MAP2 fraction, are farther 
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from each other and have a much more uniform 
center-to-center spacing than microtubules polym- 
erized without MAPs (see Fig. 9). These differ- 
ences are probably a result of the MAP projec- 
tions which prevent packing of the microtubules 
beyond a certain density and which position the 
microtubules at a precise distance from one an- 
other. There also appears to be a slight difference 
in the center-to-center spacing between microtu- 
bules assembled with unfractionated MAPs (50 
nm) and those assembled with the purified MAP~ 
fraction (64 nm). At present, it is not known what 
this difference indicates. It is interesting, in this 
respect, that in the quantitative analysis by Smith 
et al. (46), the maximum distance between micro- 
tubules and mitochondria in axons in situ was 
shown to be 25 nm, which is exactly half the 
distance between walls of microtubules saturated 
with unfractionated MAPs (see Fig. 9b) .  

In summary, a fraction greatly enriched for the 
major microtubule-associated protein, MAP~, has 
been purified from calf brain microtubules by 
taking advantage of its heat stability and high 
molecular weight. The results presented here 
demonstrate that this MAP~ fraction will promote 
microtubule assembly in vitro, decorating the mi- 
crotubules with projections that exhibit an axial 
periodicity of 32 nm. 

The authors are grateful to Nina Pierpont for invaluable 
technical assistance. 

This work was supported by National Institutes of 
Health grants GM-14642 to J. L. Rosenbaum, and GM- 
07294-04 to the Department of Biochemistry, Univer- 
sity of Virginia, Charlottesville, Virginia. 

Received for publication 8 August 1978, and in revised 
form 22 September 1978. 

REFERENCES 

1. ALLEN, R. D. 1975. Evidence for firm linkages between microtuhules 
and membrane-bounded vesicles. 1. Cell Biol. 611:497-502. 

2. AMos, L. A. 1977. Arrangement of high molecular weight associated 
proteins on purified mammalian brain mierotubuies. J. CeU Biol. 72: 
642-654. 

3. BECk, D., and L. I. R~. 1977. Visualization of actin filament 
polarity in thin sections. Biophys. J. 21:23a. (Abstr.). 

4. Bm~owrrz, S. A., J. K~l'A~nu, H. K. Blm>mt, and R. C. WILLIAMS, 
J~. 1977. Separation and characterization of microtubuie protein from 
calf brain. Bk~em/stry. 16:5610-5617. 

5. B ~ ,  S., S. P o s z ~ ,  and W. J. Ntcrd.~. 1973. Actomyosin-like 
protein in brain. Science (Wash. D. C. ). 179:441--446. 

6. BI~ODC, OOD, R. A. 1977. Motility occurring in association with the 
surface of the Chlamydomonas flagellum. J. Cell Biol. 75:983-989. 

7. B~v,  D. 1977. Actin and myosin in neurons: a new review. Bioch/m/e 
(Paris). 89:1--6. 

8. ~ S D ,  D., S.-Y. Hwo, and M. W. ~ .  1978. Purifica- 
tion of tau, a microtubule-associated protein which induces assembly of 
udcrotubules from purified tubulin. $. MoL Biol. 116:227-248. 

9. CONNOLLV, J. A., V. 1. KAr.m~s, D. W. ~ ,  and M. W. 
K n t s o l ~ .  1978. Intracellular localization of the high molecular 

weight microtubule accessory protein by indirect immuaolluorescence. 
J. Cell Biol. 76:R781-R786. 

10. DEl~rrl.ln% W. L., S. Gaxl~m'r, and J. L. ROSENBAUM. 1975. Ultra- 
structural localization of the high molecular weight proteins (MAPs) 
associated with in vitro assembled brain microtubules. J. Cell BioL 65: 
237-241. 

11. DusTrs, P. 1978. Microtubules. Springer-Verlag, New York, Inc., 
New York. 452 pp. 

12. E~r H. P. 1975. The structure and assembly of microtubuies. 
Ann. N. Y. Acad. Sci. 253:60-77. 

13. FELLOUS, A., J. F~NCON, A. LENNON, and J. NtTNEZ. 1977. Micro- 
tubule assembly in vitro. Purification of assembly-promoting factors. 
Eur. J. Biochem. 711:167-174. 

14. F~I';AlqDI~Z, H. L., P. R. BURROS, and F. E. S.ad.lson. 1971. 
Axoplasmic transport in the crayfish nerve cord. The role of fibrillar 
constituents of neurons. J. Cell Biol. 51:176-192. 

15. GASEYS, F., C. R. CAwrota, and M. L. SI~LPd~SrO. 1974. Turbidimet- 
ric studies of the/n vitro assembly and disassembly of porcine neurotu- 
buies. J. Mol. Biol. 89:737-755. 

16. GmlmNS, I. R. 1975. The molecular basis of flagellar motility in sea 
urchin spermatozoa. Soc. Gen. Physiol. Ser. 30:207-232. 

17. Go~tovslo', M. A., K. CARLSON, and J. L. ROSENaAUM. 1970. Simple 
method for quantitative densitometry of polyacrylamide gels using Fast 
Green. Anal. Biochem. 35:359-370. 

18. Gmrlff~, L. M., and T. D. POLLARD. 1978. Quantitative analysis of 
the interaction of microtubules with actin and with each other. Biophys. 
J. 21:23a. (Abstr.). 

19. HElEn, P. K., J. R. Mclrrrosr~, and S. CtELAND. 1970. Intermicro- 
tubule bridges in mitotic spindle apparatus. J. Cell Biol. 45:438-444. 

20. KIr~ga'Aa'RICK, J. B., L. HW, MS, V. L. TXOM~, and P. M. Howler. 
1970. Purification of intact microtubules from brain. J. Cell Biol. 47: 
384-394. 

21. K o c z r , ~ a ,  E. R., and J. L. RosErJs^u~. 1974. Actin and myosin 
from chick brain: isolation, characterization, and localization. J. Cell 
BIOL 63:178a. (Abstr. ). 

22. Kocz~otxsm, E. R., and J. L. ROS~NB t̂rM. Chick brain actin and 
myosin: isolation and characterization. J. Cell Biol. In press. 

23. Kucz~t~Rsxl, E. R., and J. L. Rost~B^U~. Studies on the organiza- 
tion and localization of actin and myosin in neurons. J. Cell Biol. In 
press. 

24. LAI~MMLI, U. K. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage "I"4. Nature (Lond.). 227:680- 
685. 

25. LEE, J., R. FVaGON, and S. Tlr, t~srim~v. 1973. The chemical character- 
ization of calf brain microtubule protein subunits. J. Biol. Chem. 248: 
7253-7262. 

26. LOCKWOOD, A. H. 1978. Tubulin assembly protein: immuunchemical 
and immunofluorescent studies on its function and distribution in 
microtubuies and cultured cells. Cell. 13:613-628. 

27. Low~Y, O. H., N. J. Ros~Rooox, A. L. Fro, R, and R. J. RANDAI.I~. 
1951. Protein measurement with the folin phenol reagent. ,/. Biol. 
Chem. 193:265-275. 

28. Mr J. R., E. S. OG^TA, and S. LAl~Ots. 1973. The axostyie of 
Saccinobaculus. I. The structure of the organism and its microtubule 
bundle. J. Cell Biol. 56:304-323. 

29. Mclm'osH, J. R. 1974. Bridges between microtubules.J. Cell Biol. 61: 
166-187. 

30. Mutant, D. B., and G. G. BoRIs','. 1975. Association of high- 
molecular weight proteins with microtubules and their role in microtu- 
bule assembly/n vitro. Proc. Natl. Acad. Sei. U. S. A. 72:2696-2700. 

31. Mum, n~, D. B., K. A. Jom~soN, and G. G. BolUSV. 1977. Role of 
tubulin-associated proteins in mierotubule nueleatinn and elongation. J. 
Mol. Biol. 117:33-52. 

32. Mtmin-n', D. B., and L. G. TZLNE'~. 1974. The role of microtubules in 
the movement of pigment granules in teieost melanophores. J. Cell 
Biol. 61:757-779. 

33. Mum,t~, D. B., R. B. VAI.LEE, and G. G. Bomsv. 1977. Identity and 
polymerizatiorvstimulatory activity of the non-tubulin proteins associ- 
ated with microtubuies. Biochemistry. 16:2598-2605. 

34. Nr.~L, M. W., and J. R. Fl.om~t. 1973. A rapid method for desalting 
small volumes of solutions. Anal. Biochem. 155:328-330. 

35. O'F~E.~I., P. H. 1975. High resolution two-dimensional electro- 
phoresis of proteins. J. Biol. Chem. 255:4007-4021. 

36. Pauc, o, D. L. 1967. Flagellar motion and fine structure of the flagellar 
apparatus in Chlamydomonas. J. Cell Biol. 33:543-571. 

37. Rosm~n^tm, J. L., L. I. Br~DER, S. G~Ea ' r ,  W. L. D~WrLEI~, W. J. 
S~ELI., R. StO~ODA, and L. HxI~O. 1975. Directionality and rate of 
assembly of chick brain tubulin onto pieces of neurotuhules, flagellar 
axonemes, and basal bodies.Ann. N. Y. Acad. Sci. 21$3:147-177. 

38. SCl~CrlsaL~, G. R., and R. L. POLLACK. 1973. A simplified method 
for the quantitative assay of small amounts of protein in biological 
material. Anal. Biochem. $1:654~555. 

39. Smst.~sra, M. L., F. GAsm~, and C. R. CArcroa. 1973. Microtubule 

KIM, BINDER, AND ROSENBAUM M A P 2  Periodici ty  o n  Bra in  Micro tubu le s  275  



assembly in the absence of added nucleotides. Proc. Natl. Acad. Sci. U. 
S. A. 70:765-768. 

40. SHEaLI~I~, P., Y.-C. LEI~, and L. S. JACOaS. 1977. Binding of 
microtubules to pituitary secretory granules and secretory granule 
membranes. J. Cell Biol. 72:380-389. 

41. Sm~r~E, P., and K. SCmAVON~. 1978. High molecular weight MAPs 
are part of the mitotic spindle. J. Cell Biol. 77:R9-R12. 

42. SLOaODA, R. D., and J. L. ROS~NB^trM. 1977. Decoration of intact, 
smooth-walled microtubules with microtubule-associated proteins. J. 
Cell Biol. 76(2, Pt. 2):286a. (Abstr.). 

43. SLOBODA, R. D., W. L. DENTLER, and J. U ROSESBt, VM. 1976. 
Microtubuie-assodated proteins and the stimulation of tubulin assembly 
in vitro. Biochemistry. 15:4497--4505. 

44. SLOBOOA, R. D., S. A. ROOOLrn, J. L. ROSENBAtr~, and P. G ~ N -  
OARD. 1975. Cyclic-AMP-dependent endogenous phosphorylarion of a 
microtubule-associated protein. Proc. Natl. Acad. Sci. U. S. A. 72: 
177-181. 

45. S~,m'n, D. S. 1971. On the significance of cross-bridges between 
microtubuies and synaptic vesicles. Philos. Trans. R. Soc. Lond. B. 
Biol. Sei. 261:3954-405. 

46. SMrra, D. S., U. JAaLVOaS, and B. F. CAr, m~toN. 1975. Morphological 

evidence for the participation of microtubules in axonal transport. Ann. 
N. Y. Acad. Sci. 253:472-506. 

47. S ~ ,  A. R. 1969. A low viscosity epoxy resin embedding medium 
for electron microscopy. J. Ultrastruc. Res. 26:3143. 

48. T~LNEY, L. G., J. B•yAN, D. J. BUSH, K. FonwAl~, M. MOOSEKER, 
D. G. Mv~m' ,  and D. H. S~VDn~. 1973. Mierotubuies: evidence for 
~ n  protofilaments.J. Cell. Biol. 59:267-275. 

49. Tucks ,  J. B. 1972. Microtubuie-arms and propulsion of food particles 
inside a large feeding organelle in the ciliate Phascolodon vorticella. J. 
Cell Sci. 10:883-903. 

50. Tuc~R, J. B. 1974. Microtubule arms and cytoplasmic streaming and 
microtubule bending and stretching of intertubule links in the feeding 
tentacle of the suctorian ciliate Tokophrya. J. Cell. Biol. 62:424437. 

51. Tucr~R, J. B. 1978. Endocytosis and streaming of highly gelated 
cytoplasm alongside rows of arm-beariog microtubules in the ciliate 
Nassula. J. Cell Sci. 29:213-232. 

52. VALLEY, R. B., and G. G. Bossy. 1978. The non-tubulin component 
of microtubule protein oligmers. J. Biol. Chem. 253:2834-2845. 

53. W~GAI~n~N, M. D., A. H. Locrwooo, S.-Y. Hwo, and M. W. 
KmSCaNER. 1975. A protein factor essential for microtubule assembly. 
Proc. Nad. Acad. Sci. U. S. A. 72:1858-1862. 

276  THE JOURNAL OF CELL BIOLOGY" VOLUME 8 0 ,  1 9 7 9  


