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Summary 

Axoplasm from the squid giant axon contains a solu- 
ble protein translocator that induces movement of 
microtubules on glass, latex beads on microtubules, 
and axoplasmic organelles on microtubules. We now 
report the partial purification of a protein from squid 
giant axons and optic lobes that induces these 
microtubule-based movements and show that there is 
a homologous protein in bovine brain. The purifica- 
tion of the translocator protein depends primarily on 
its unusual property of forming a high affinity complex 
with microtubules in the presence of a nonhydrolyz- 
able ATP analog, adenylyl imidodiphosphate. The pro- 
tein, once released from microtubules with ATP, mi- 
grates on gel filtration columns with an apparent 
molecular weight of 600 kilodaltons and contains 
110-120 and 60-70 kilodalton polypeptides. This pro- 
tein is distinct in molecular weight and enzymatic be- 
havior from myosin or dynein, which suggests that it 
belongs to a novel class of force-generating mole- 
cules, for which we propose the name kL;esin. 

Introduction 

Most animal cells transport organelles within their cyto- 
plasm (Schliwa, 1984). In neurons, bidirectional organelle 
transport within axons is thought to be the basis of fast 
axonal transport (Smith, 1980; Tsukita and Ishikawa, 
1980). The squid giant axon, because of its large size, has 
been particularly useful for studying organelle movement 
(Allen et al., 1982; Brady et al., 1982). Axoplasm from the 
giant axon also can be dissociated, allowing bidirectional 
organelle movements to be visualized along individual cy- 
toplasmic filaments with video-enhanced differential inter- 
ference contrast microscopy (Vale et al., 1985a; Allen et 
al., 1985). These cytoplasmic filaments were identified as 
single microtubules by electron microscopy and immuno- 

fluorescence using antitubulin antibodies (Schnapp et al., 
1985). Microtubules also support organelle movements in 
a variety of nonneuronal cells (Schliwa, 1984; Hayden et 
al., 1983). 

Directed organelle movement within cells depends on 
ATP (Forman et al., 1984; Schliwa, 1984), and it has been 
generally assumed that movement is powered by an ATP- 
ase. Since all organelles move at the same velocity along 
isolated microtubules, the same type of molecular motor, 
or "translocator" may interact with a variety of organelles 
(Vale et al., 1985a). However, it is not known which pro- 
teins comprise the translocator. Dynein is the only mole- 
cule known to interact with microtubules to generate mo- 
tive force (Gibbons, 1981), but attempts to identify dynein 
in neural tissue, where organelle movements are com- 
mon, have been unsuccessful (Murphy et al., 1983). 

Biochemical identification of the proteins involved in or- 
ganelle movement requires an assay system for studying 
this phenomenon in vitro. Recently, we showed that iso- 
lated axoplasmic organelles move on purified squid optic 
lobe microtubules and that movement is enhanced by a 
soluble protein or proteins in axoplasm (Vale et al., 1985b). 
This experiment suggests that the translocator is a protein 
that binds reversibly to organelles and to microtubules. 
Organelle movement in the reconstituted system is similar 
to that in dissociated axoplasm except that movement 
along single microtubules in the reconstituted system is 
primarily unidirectional (Vale et al., 1985a; Schnapp et al., 
1985). 

The soluble fraction from axoplasm also induces move- 
ment of purified microtubules along a glass coverslip and 
movement of carboxylated latex beads along microtu- 
bules (Vale et al., 1985b). Native microtubules in extruded 
squid axoplasm also move along a glass coverslip (Allen 
et al., 1985). The soluble translocator from axoplasm that 
induces bead movement might also be responsible for 
moving inert beads after they are microinjected into axons 
or cultured cells (Adams and Bray, 1983; Beckerle, 1984). 
The velocities of microtubule and bead movements are 
the same (0.4/~m/sec), but both movements are 3 to 4 fold 
slower than organelle movements (Vale et al., 1985b). 
However, their similar sensitivities to vanadate suggest 
that organelle, bead, and microtubule movements may be 
driven by the same ATPase. 

We describe the purification, from squid axoplasm and 
optic lobes, of a translocator protein that induces move- 
ment of microtubules on glass and movement of beads 
along microtubules. We also have identified a homologous 
protein in bovine brain. The characteristics of these pro- 
teins are distinct from myosin and dynein and appear to 
define a novel class of force-generating molecules. 

Results 

§ To whom all correspondence should be addressed at his present ad- 
dress: Department of Cell Biology and Physiology, Washington Univer- 
sity School of Medicine, St. Louis, Missouri 63110. 

In Vitro Movement Assays 
A high speed supernatant from axoplasm ($2 superna- 
tant) promoted linear, ATP-dependent movement of purl- 
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Table 1. Movements Supported by Squid and Bovine Translocators 

Microtubule Microtubule 
Movement Movement 

Sample along Glass in Solution Bead Movement Organelle Movement b 

Buffer - - + 
$2 axoplasmic supernatant a 0.44 _+ 0.07/~m/sec + 0.52 ± 0.06/~m/sec + + + to + + + + 
Squid gel filtration 0.35 _+ 0.06 #m/sec + 0.34 _+ 0.05 Hm/sec + + to + + + + 
Squid hydroxyapatite 0.37 -4- 0.03 ~m/sec + 0.37 ± 0.06/~m/sec + + to + + + + 
Bovine gel filtration 0.41 ± 0.05/~m/sec + 0.59 ± 0.01 ~m/sec + to + + 

Microtubule, bead, and organelle movements promoted by $2 axoplasmic supernatant or purified squid or bovine translocator; movement occurred 
consistently in preparations for which rates are shown. Squid gel filtration peak fractions (n = 7; equivalent to lane 30 in Figure 4) and hydroxyapa- 
tite peak fractions (n = 3; equivalent to lane 40, 41 in Figure 5) were tested in motility buffer or 100 mM KCI, 50 mM Tris (pH 7.6), 5 mM MgCI2, 
0.5 mM EDTA, 2 mM ATP at final protein concentrations between 10 and 150/~g/ml. Bovine gel filtration peak fractions (n = 3; equivalent to 
lane 30 in Figure 7) were tested in KCI/Tris buffer at protein concentrations between 20 and 50/~g/ml. Organelle movement was assessed by 
viewing a 20 ~m x 20 p.m field of microtubules for 2.5-15 min and counting the number of different organeiles that made directed movements 
along microtubules. The following rating system was employed: - ,  no movement in all preparations; +, 0-3 movements/min; + +, 3-7 move- 
ments/min; + + +, 7-15 movements/min; + + + +, 15-34 movements/min. The range of organelle movement in different preparations is reported. 
Microtubule, bead, or organelle movement assays are described in Experimental Procedures. 
a Values from Vale et al. (1985b). 
b The velocity of organelle movement in all samples was approximately 1.64 _+ 0.24/~m/sec. 

fled microtubules (freed of microtubule-associated pro- 
teins by 1 M NaCI extract ion) at 0.4/~m/sec a long a glass 
coversl ip (Table 1). In the presence of $2 supernatant ,  
microtubules in solut ion also moved relative to one an- 
other, to form a contracted aggregate of microtubules. 
Carboxy la ted latex beads treated with $2 supernatant  
also moved at 0.4 /~m/sec a long microtubules immobi-  
l ized by poly-D-lysine t reatment  of the coversl ip (Table 1). 
Microtubules or beads incubated with ATP in the ab- 
sence of $2 supernatant  did not exhibi t  directed move- 
ment. Furthermore,  the number  of organel les moving 
a long microtubules was enhanced severalfold by $2 su- 
pernatant  (Table 1; see also Vale et al., 1985b). The trans- 
Iocator is a protein whose activi ty is inhibi ted by vanadate  
(100/~M) and by a nonhydro lyzab le  ATP analog,  adenyly l  
im idod iphosphate  (AMP-PNP) (Vale et al., 1985b). 

Because microtubule movement  on glass and in solu- 
t ion is a sensi t ive and rapid assay of movement - induc ing 
activity, we used this assay to puri fy the t ranslocator pro- 
tein in axoplasmic  supernatant.  Samples  or fractions were 
scored posit ive for microtubule movement  if movement  
was observed ei ther on the glass coversl ip or in solut ion. 

Cosedimentation of the Translocator with 
Microtubules 
Squid Axoplasm 
Our previous studies suggested that the t ranslocator does 
not bind t ight ly to microtubules (Vale et al., 1985b). In- 
deed, no microtubule movement  occurred when microtu- 

bules were treated with $2  supernatant ,  centr i fuged, 
washed,  and resuspended in an ATP-containing buffer. 
However, it has been shown that AMP-PNP induces at- 
tachment  of axoplasmic  organel les to microtubules dis- 
sociated from squid axop lasm (Lasek and Brady, 1984). 
We thought  that if this a t tachment  of organet les were due 

to an increase in the aff ini ty of a soluble t ranslocator for 

microtubules, it might be possible to bind the translocator 
to microtubules with AMP-PNP to provide a means of af- 
f inity purif ication. 

Addi t ion of AMP-PNP to purif ied microtubules and 
axop lasmic  supernatant  (in the presence of 1 mM ATP) 
marked ly  increased the amount  of a polypept ide (110 
ki lodal tons in SDS po lyacry lamide gels) that copel leted 
with microtubules (Figure 1). This band often appeared as 
a doublet,  possibly indicat ing that there are two forms of 
the protein that differ sl ightly in charge or molecular  
weight.  This 110 kd polypept ide could be released from 
the microtubules with 0.1 M KCI and 5 mM ATP. When the 
released material  was appl ied to new microtubules, they 
translocated along the coversl ip and aggregated in solu- 
tion (Figure 1). Two prominent  proteins with molecular  
weights h igher than 300 kd also associated with microtu- 
bules, but the amount  bound was not inf luenced by AMP- 
PNP. Proteins released from microtubules treated with $2 
supernatant  in the absence of AMP-PNP, which included 
the 300 kd proteins but not the 110 kd protein, did not 
induce microtubule movement .  The translocator also 
cosedimented with microtubules in the absence of AMP- 
PNP if the $2 supernatant  was first depleted of ATP using 

hexokinase and g lucose (not shown). 
Squid Optic Lobes 
A simi lar microtubule cosedimentat ion exper iment  was 
per formed using a high speed supernatant  ($3) from 
squid optic lobes in order to obtain larger quant i t ies of 
translocator. When $3 supernatant  from optic lobes was 
combined with microtubules and 5 mM AMP-PNP, a poly- 
pept ide of 110 kd copel leted with the microtubules. This 
prominent  band was not seen in the absence of AMP-PNP 
t reatment  (Figure 2). Minor  bands corresponding to 
molecular  weights of 65, 70, and 80 kd were also more in- 
tense after AMP-PNP treatment.  Two high molecular  
weight  proteins (>300 kd) also associated with the micro- 
tubules (Figures 2 and 3). We refer to the higher and lower 
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Figure 1. Cosedimentation of a Soluble Axoplasmic Translocator with 
Purified Microtubules in the Presence of AMP-PNP and Its Subse- 
quent Release by ATP 

Axoplasmic supernatant (52, lane b) was incubated with purified 
microtubules (lane a) at 100 pg/ml (with or without IO mM AMP:PNP) 
for 10 min at 23’%, and then the microtubules were pelleted at 37,000 
x g for 30 min at 4%. Proteins released by ATP (see details below) 

from AMP-PNP-treated microtubules (lane d) show a prominent band 
at 110 kd and also induce microtubule movement (+). Neither this band 
nor movement (-) is associated with material released by ATP from 
control (AMP-untreated) microtubules (lane c), or with the microtubule 
pellets of AMP-PNP-treated (lane f) and untreated samples (lane e) af- 
ter the ATP release. 

Conditions for ATP release. After the original centrifugation of 
microtubules, the supernatant was discarded and microtubules were 
resuspended in 75 PI MTG buffer with or without IO mM AMP-PNP and 
then centrifuged as before. The microtubule pellet was washed with 
MTG buffer (50 PI), then resuspended in 30 ~1 MTG plus 5 mM ATP and 
0.1 M KCI for 30 min at 23°C to release associated proteins. Microtu- 
bules were pelleted as before, the supernatants were collected (lanes 
c and d), and the microtubules were resuspended in 30 ~1 of MTG 
(lanes e and f). The positions of molecular weight standards are noted 
at left. 

molecular weight species of the 300 kd polypeptides as 
HMW, and HMW,, respectively. The amount of HMW, was 
somewhat variable, which may reflect its dissociation from 
microtubules during washing of the microtubule pellet 
(see below). Association of HMW, and HMW2 with 
microtubules generally was unaffected by AMP-PNP, al- 
though in some experiments a small (2-fold) increase in 
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Figure 2. Cosedimentation of a Translocator from Squid Optic Lobes 
with Purified Microtubules in the Presence of AMP-PNP, and Its Subse- 
quent Release by ATP 

Soluble supernatant from squid optic lobes (53, lane a) was incubated 
with 100 pg/ml of purified microtubules (lane b) in the presence or ab- 
sence of 5 mM AMP-PNP as described in Experimental Procedures. 
Material released from microtubules by 5 mM ATP and 0.1 M KCI (45 
min; 4°C) from AMP-PNP-treated samples (lane f) shows both a promi- 
nent band at 1 IO kd and movement-inducing activity; neither character- 
istic is associated with the supernatant of the untreated samples (lane 
e) or the final microtubule pellets resuspended in an equal volume of 
MTG with 2 mM ATP (lanes c and d) after ATP release. 

The ATP-released translocator (lane f) was tested for rebinding to 
microtubules. Thesample was diluted 5fold in MTG (to reduce the con- 
centration of ATPIKCI) and incubated with new microtubules (100 
pglml) in the presence or absence of 5 mM AMP-PNP (15 min; 23%). 
The microtubules were pelleted and washed, and proteins were 
released with 5 mM ATP and 0.1 M KCI for 45 min at 23%. Material 
released from the AMP-PNP-treated sample contained the 110 kd poly- 
peptide (lane h) and also induced movement (+); neither characteristic 
was prominent in the control (AMP-PNP-untreated) sample (lane g). 

the amount of HMW, was found in AMP-PNP-treated 
samples. 

Unlike S2 supernatant from axoplasm, S3 supernatant 
from optic lobes did not induce microtubule movement, ei- 
ther because the concentration of translocator was too low 
or because inhibitory proteins were present. The AMP- 
PNP-dependent binding of the translocator to microtu- 
bules provided a method for concentrating its activity. In- 
deed, microtubules that were incubated with S3 optic lobe 
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Figure 3. ATP- and KCI-Dependent Release of the Translocator from 
Microtubules 

$3 supernatant was incubated with microtubules and AMP-PNP as de- 
scribed in Experimental Procedures. Many contaminating proteins 
(lane a), but not the translocator, were removed by resuspending the 
MT pellet in 2 ml of MTG buffer containing 10 mM AMP-PNP, centrifug- 
ing the microtubules, and removing the AMP-PNP-containing superna- 
tant. The translocator could then be obtained by washing the pellet 
with MTG, releasing with 1 ml of MTG plus 10 mM ATP/0.1 M KCI (30 
rain; 23°C), centrifuging the microtubules, and collecting the superna- 
tant that contains movement-inducing activity (lane b). The final 
microtubule pellet was then resuspended in 1 ml of MTG (lane c). To 
define further the conditions that release translocator from microtu- 
buies, $3 supernatant (8 ml) was incubated with microtubules and 
AMP-PNP, and the microtubule pellet was washed as described above. 
Microtubules were then aliquoted into eight 100/~1 samples in MTG 
containing the indicated amounts of ATP and KCI and incubated for 30 
rain at 23°C (lanes d-k). The microtubules were pelleted, and 50 ~1 of 
each supernatant was run per lane. Lanes a-c are from a different ex- 
periment than lanes d-k. 

supernatant and AMP-PNP, and then pelleted, washed, 
and resuspended in ATP-containing buffer moved along 
each other and on the glass coverslip. When microtu- 
bule-associated proteins, including the 110 kd polypep- 
tide, were released with 5 mM ATP and 0.1 M KCI and 
then applied to new microtubules, these microtubules 
moved in a manner indistinguishable from the movement 
produced by $2 axoplasmic supernatant (Figure 2). Pro- 

teins released from microtubules not treated previously 
with AMP-PNP, which included HMW1 and HMW2 but not 
the 110 kd polypeptide, did not induce microtubule 
movement. 

The released 110 kd polypeptide, if diluted to lower the 
concentration of ATP and KCI, could rebind to microtu- 
bules in the presence of AMP-PNP, and when rereleased, 
it still induced microtubule movement (Figure 2). This cy- 
cling of the translocator protein with microtubules also 
removed many of the minor protein bands. The 110 kd 
polypeptide did not pellet to a significant extent with 
microtubules when cycled in the absence of AMP-PNP, 
and the subsequently released supernatant induced little 
or no microtubule movement. The 65/70 kd doublet and 
80 kd polypeptides also cycled selectively with microtu- 
bules in the presence of AMP-PNP. 

HMW2 and a variety of other proteins were released 
from microtubules by dilution in the absence of ATP or 
KCI, but the 110 kd polypeptide and HMW1 remained 
attached (Figure 3, lane a). Hence, the purity of the 110 
kd polypeptide could be increased without cycling by 
resuspending microtubules in buffer containing AMP- 
PNP to release HMW2 and other proteins that dissociate 
upon dilution (Figure 3). When the 110 kd polypeptide 
was subsequently released with KCI or ATP, it comprised 
between 15% and 45% of the released protein, as de- 
termined by densitometry. The protein sample at this 
stage is referred to as MT-purified translocator. The major 
contaminants include the HMW proteins as well as tubu- 
lin, which was present in variable amounts because of 
some cold instability of the microtubules. Assuming 100% 
association of the translocator with microtubules in the 
presence of AMP-PNP, the concentration of translocator in 
the $3 supernatant is estimated to be approximately 5-10 
/~g/ml. 

The 110 kd polypeptide dissociated from microtubules in 
either 0.1-0.3 M KCI or 1-10 mM ATP (Figure 3, lanes d-k). 
ATP was a more effective releasing agent than KCI, and 
combinations of ATP and KCI did not produce a greater ef- 
fect than ATP alone. KCI (0.3 M) also released certain pro- 
teins that remained bound when only ATP was added. Be- 
tween 40% and 90% of the 110 kd polypeptide was 
released by a single 30 min incubation at 23°C with 5 mM 
ATP and 0.1 M KCI, and the remainder was generally 
released by subsequent extraction under the same con- 
ditions. The HMWI protein was also released from micro- 
tubules by ATP, as were the 65•70 kd doublet and 80 kd 
polypeptides (Figure 3, lanes d-k). 

Chromatographic Purification of the 
Translocator from Squid 
Gel Filtration Chromatography 
Supernatant containing the 110 kd and 65•70 kd doublet 
polypeptides released from microtubules promoted 
microtubule movement. To determine whether it is these 
polypeptides that induce movement, the MT-purified 
translocator was further purified by chromatography. The 
microtubule translocator eluted from a Bio-Gel A5m gel 
filtration column (Figure 4) as a single peak that cor- 
responded precisely to the elution peak of the 110 kd poly- 
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Figure 4. Gel Filtration Chromatography of Squid Translocator 
(A) Microtubule-purified translocator was applied to a Bio-Gel A5m column, and the microtubule-movement-inducing and ATPase activities of the 
eluant fractions were determined. (B) The polypeptide compositions of fractions 21-45 were analyzed by SDS polyacrylamide gel electrophoresis 
(60/~1 loaded per lane); fraction 30 contains approximately 65/~g/ml of protein. (C) A densitometer scan is shown of a lane from the fraction (30) 
with the greatest movement-inducing activity from another column. Chromatographic conditions: A 0.75 ml sample of microtubule-purified transloca- 
tor (which moved microtubules at a 1:20 dilution) was applied to a 1 x 47 cm column equilibrated in 100 mM KCI, 50 mM Tris (pH 7.6), 5 mM MgCI2, 
0.5 mM EDTA, and 1 mM ATP. The column was run at 4°C at 5 cm/hr; 0.75 ml fractions were collected. Excluded (Vo) and included (VT) volume 
fractions are noted at top. Microtubule movement was measured by serial dilution as described in Experimental Procedures. The tubulin doublet 
at 55 kd that streaks across the gel is not typical, but is an artifact of this particular gel. 

peptide, as determined by SDS gel electrophoresis. The 
110 kd polypeptide, which appeared as two bands on SDS 
polyacrylamide gels, eluted between the HMWl and 
HMW2 proteins with a Kay of 0.45, approximately the elu- 
tion peak of the globular protein thyroglobul in (molecular 
weight of 667 kd). Since the 110 kd polypept ide peak was 
clearly separated from the two HMW protein peaks, it is 
unlikely that the 110 kd polypept ide is in a complex with 
either of these proteins. On the other hand, the 65/70~kd 
doublet, which a lso demonstrated AMP-PNP-dependent 
binding to microtubules (see Figure 2), comigrated with 
the 110 kd peak, indicating that these polypept ides are 
tightly associated. 

Densitometry scans of Coomassie-stained gels of the 
column fractions indicated a stoichiometric ratio of the 110 
to 65/70 kd doublet polypept ides which ranged from 1.5:1 
to 2.2:1 (measurements from five columns). The 65 and 
70 kd polypept ides were present in approximately equal 
amounts. An 80 kd polypept ide also comigrated with the 
110 kd polypeptide, but the molar ratio of 110 kd to 80 kd 
polypept ide (4:1 to 10:1) was less consistent between 
different preparations. Silver or nickel staining of 7.5O/o 
polyacry lamide gels of the column fractions did not reveal 
addit ional polypeptides that consistently copurif ied with 
the 110 kd polypept ide (not shown). 

The major peak of ATPase activity eluting from the gel 
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Figure 5. Hydroxyapatite Chromatography of Squid Translocator Puri- 
fied by Gel Filtration 
Samples corresponding to fractions 28-32 from the gel filtration 
column shown in Figure 4 were pooled and applied to a 1 x 6 cm 
hydroxyapatite column equilibrated with gel filtration buffer at pH 7.4. 
Proteins were eluted with a 0-0.3 M phosphate gradient, and 0.5 ml 
fractions were collected. Microtubule-movement-inducing activity, as- 
sayed by serial dilution, correlated with the presence of 110 and 65 kd 
polypeptides in eluant fractions. Fraction 40 contains approximately 35 
~g/ml of protein. 

filtration column corresponded to the HMWl protein, while 
relatively little activity eluted with fractions that induced 
microtubule movement and contained the 110 kd polypep- 
tide (Figure 4). The ATPase activities in the fractions cor- 
responding to the peak elutions of HMWl and the 110 kd 
polypeptides were, respectively, 0.13 and 0.01 /~mol/min/ 
mg (in 100 mM KCI, 50 mM Tris, 5 mM MgCI2, 0.5 mM 
EDTA, pH 7.6). In the 110 kd peak fractions, the ATPase 
was activated 1 to 2 fold by 0.25% Triton X-100 or 0.8 M 
KCI, but it was not significantly inhibited by 2.5 mM N-ethyl 
maleimide (NEM). The ATPase activity of the HMWl peak, 
on the other hand, was inhibited 80%-90% by 2.5 mM 
NEM when incubated 15 min at 23°C followed by 20 mM 
dithiothreitol (DTT). However, microtubule movement (as 
assayed by serial dilution) was not inhibited by treating the 
110 kd peak fraction with 5 mM NEM for 30 min at 23°C 
followed by 20 mM DTT inactivation. Because microtubule 
movement occurred under conditions in which the HMWt 
ATPase was inhibited, this ATPase presumably is not in- 
volved in powering microtubule movement. 

Translocator purified by gel filtration chromatography in- 
duced microtubule movement at total protein concentra- 
tions as low as 5/~g/ml and at ATP concentrations of 10-20 
/~M (at protein concentrations of 50 /~g/ml). Microtubule 
movement also occurred at GTP concentrations of 0.5 

4 5 -  

~i!:~, ~',~!i,i~ 'i!,~! ~ 

• -4 "--I 
"10 "IO 

"T" " - "  + 
:1> 3> 

Figure 6. Cosedimentation of a 120 Kilodalton Bovine Brain Polypep- 
tide with Squid Microtubules Depends upon AMP-PNP 
Bovine brain $3 supernatant was incubated with squid optic lobe 
microtubules (100 ,ug/ml) in the absence (lane a) or presence (lane b) 
of 5 mM AMP-PNP for 15 rain at 23°C. Microtubules were pelleted, 
washed once with PEM-taxoI-GTP buffer, resuspended in 1/40 of the 
original volume with the same buffer containing 5 mM ATP and 0.1 M 
KCI, and then assayed for movement-inducing activity. 

mM; but CTP, TTP, and UTP did not support movement at 
concentrations of 5 mM. Microtubule movement induced 
by purified squid translocator was abolished by 100/~M 
vanadate and was only slightly inhibited by 25/~M vana- 
date. A similar dependence on vanadate concentration 
was observed with microtubule, bead, and organelle 
movements induced by $2 axoplasmic supernatant (Vale 
et al., 1985b). 
Hydroxyapatite Chromatography 
Fractions containing the 110 kd polypeptide from the Bio- 
Gel ASm column were pooled and applied to an hydroxy- 
apatite column. The fraction that induced the most 
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microtubule movement corresponded with the peak of the 
110 kd polypeptide, which eluted at a phosphate concen- 
tration of approximately 0.18-0.2 M (Figure 5). The HMW 
proteins eluted earlier than the 110 kd polypeptide, and 
before the fractions that promoted microtubule move- 
ment. The 65/70 kd doublet and 80 kd polypeptides co- 
eluted with the 110 kd polypeptide. Densitometry again re- 
vealed a stoichiometric ratio of the 110 kd polypeptides to 
the 65/70 kd doublet polypeptide that ranged from 1.5:1 to 
2:1 (not shown). The extent of purification of the transloca- 
tor after hydroxyapatite chromatography is at least 1000- 
fold, assuming a concentration of the translocator in $3 
supernatant of 10 ~g/ml (see above). 

MT-purified translocator could be further purified by 
DEAE-Sephadex chromatography. Movement-inducing 
activity as well as the 110 kd and 65/70 kd doublet poly- 
peptides bound to this column and were eluted together 
by 0.2 M KCI (not shown), also indicating that these poly- 
peptides are involved in microtubule movement. 

Purification of a Translocator from Bovine Brain 
A protein homologous to the squid optic lobe translocator 
may be present in the vertebrate nervous system; there- 
fore, we attempted to purify it by its affinity for microtu- 
bules in the presence of AMP-PNP. When $3 supernatant 
from bovine brain (which itself did not induce movement 
of microtubules) was incubated with squid microtubules, 
several proteins, including two of high molecular weight 
that might correspond to MAP~ and MAP2 (Vallee and 
Bloom, 1984), copelleted with the microtubules (Figure 6). 
If AMP-PNP was also added, another major polypeptide, 
of 120 kd, copelleted with the microtubules. This polypep- 
tide attached with approximately equal affinity to squid or 
bovine microtubules in the presence of AMP-PNP (not 
shown). This and a minor polypeptide of approximately 62 
kd were the only ones that demonstrated AMP-PNP- 
dependent binding to microtubules. However, microtu- 
bules associated with this protein did not move on glass 
or in solution (Figure 6). The 120 kd polypeptide could be 
released from the microtubules with 1-10 mM ATP, and 
when added to new microtubules, the released proteins 
still did not induce microtubule movement on glass or in 
solution. 

When the MT-purified and ATP-released 120 kd poly- 
peptide from bovine brain was applied to a Bio-Gel A5m 
column, the 120 kd polypeptide eluted in the same posi- 
tion as the 110 kd polypeptide from squid (Figure 7). The 
120 kd polypeptide clearly separated from the high 
molecular weight polypeptides, but coeluted with the 62 
kd polypeptide. The 120 kd and 62 kd polypeptides typi- 
cally appeared as single bands rather than doublets. Den- 
sitometry indicated that the stoichiometric ratio of 120 kd 
polypeptide to 62 kd polypeptide was approximately 2:1 
(measurements from three columns). 

Unlike the material applied to the gel filtration column, 
fractions eluting from the column which contained the 120 
kd polypeptide induced movement of squid and bovine 
microtubules in solution and along glass (Figure 7). 
Microtubule movement was detected at protein concentra- 
tions as low as 5/~g/ml. Fractions from the column, how- 

ever, exhibited very little ATPase activity. Microtubu!e 
movement induced by fractions containing the bovine 120 
kd polypeptide was inhibited by 100/~M vanadate but not 
by 5 mM NEM. 

Movements Induced by Column-Purified Squid 
and Bovine Translocators 
The $2 supernatant from axoplasm induces movements 
of microtubules on glass, microtubules in solution, latex 
beads on microtubules, and organelles on microtubules 
(Vale et al., 1985b; Table 1). The squid and bovine translo- 
cators were purified by microtubule affinity and column 
chromatography and assayed for their ability to move 
microtubules in solution and along glass as described 
above. The velocity of microtubule movement on glass 
was 0.3-0.5 ~m/sec, whether induced by purified squid or 
bovine translocators or axoplasmic $2 supernatant (Table 
1). Column-purified squid and bovine translocator also 
induced movement of carboxylated latex beads along 
microtubules at 0.3-0.5 /~m/sec (Table 1). Preliminary 
studies suggest that bead movement along microtubules 
is unidirectional in the presence of purified translocator. 
The copurification of the factors inducing bead and 
microtubule movements suggests that they depend on ac- 
tivities of the same protein. 

The squid translocator purified by gel filtration, or by gel 
filtration and hydroxyapatite chromatography, increased 
the number of organelles moving along purified microtu- 
bules severalfold compared to the number that moved in 
an ATP-containing buffer alone. Some purified protein 
preparations enhanced organelle movement to the same 
extent or to a greater extent than the $2 axoplasmic super- 
natant, although there was more variability in the amount 
of organelle movement between different preparations of 
purified squid translocator than between preparations of 
$2 axoplasmic supernatant. The purified bovine translo- 
cator, on the other hand, did not consistently increase the 
frequency of movement of organeiles isolated from squid 
axoplasm. Organelle movement induced by $2 superna- 
tant or purified translocator appears not to depend on non- 
specific association of the translocator with the organelle 
surface, because trypsinized organelles, lipid vesicles, 
and vesicles, which are isolated with microtubules during 
microtubule purification, do not exhibit directed move- 
ment, even in the presence of active translocator (see also 
Vale et al., 1985b). 

The velocity of organelle movement on purified microtu- 
bules was approximately 1.6/~m/sec in buffer alone, in $2 
axoplasmic supernatant, or in the presence of column- 
purified 110 kd squid translocator (Table 1); this velocity is 
the same as that of organelles in dissociated axoplasm 
(Vale et al., 1985a, 1985b). Organelle movements in the 
presence of purified squid translocator or $2 supernatant 
were qualitatively indistinguishable. 

Discussion 

Purification of a Protein Involved in 
Microtubule-Based Movements 
A translocator protein that induces movement of microtu- 
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Figure 7. Gel Filtration Chromatography of the Microtubule-Purified Bovine Translocator 
(A) Microtubule-purified bovine proteins (0.75 ml; purified as described in Experimental Procedures) were run on a Bio-Gel A5m column like that 
described in Figure 4, yielding the profile of ATPase and movement-inducing activities shown. (B) The polypeptide compositions of fractions 21-37 
were analyzed by SDS polyacrylamide gel electrophoresis (40/~1 per lane). (C) A densitometer scan of the Coomassie stained gel is shown of the 
lane corresponding to the fraction with greatest movement-inducing activity (30, which contains approximately 40-50 ~g/ml of protein). Void (Vo) 
and excluded (VT) volumes are indicated. 

bules on a glass coverslip and in solution has been par- 
tially purified from squid axoplasm, squid optic lobes, and 
bovine brain. The principal step in purification involves 
cosedimentation of the translocator with microtubules in 
the presence of an ATP analog, adenylyl imidodiphos- 
phate. Microtubule affinity has also been employed in the 
purification of other proteins such as MAP~, tau, and 
dynein (Vallee and Bloom, 1984; Cleveland et al., 1977; 
Nasr and Satir, 1985). 

Microtubule movement occurs only in the presence of 
a major polypeptide with a molecular weight of approxi- 
mately 110-120 kd and with less abundant polypeptides 

with molecular weights of approximately 65, 70, and 80 kd. 
Binding of these polypeptides to microtubules is en- 
hanced by AMP-PNP and is diminished by ATP, conditions 
that correlate with induction of microtubule movement. 
Moreover, the peak activity of the microtubule transloca- 
tor coincides with the peak fractions of the 110 kd squid 
polypeptide in gel filtration, hydroxyapatite, and DEAE- 
Sephadex chromatography. We believe that the 110 kd 
squid and the 120 kd bovine polypeptides, although 
slightly different in molecular weight, are homologous pro- 
teins, because they share the ability to induce movement 
of microtubules and carboxylated latex beads, they bind 



Kinesin-lnduced Movement 
47 

to microtubules in the presence of AMP-PNP, they co- 
elute in gel filtration columns, and they have similar 
sensitivities to NEM and vanadate. 

The two high molecular weight microtubule-associated 
proteins are unlikely to be involved directly in microtubule 
movement. Neither protein coelutes from gel filtration and 
hydroxyapatite columns with the proteins that induce 
microtubule movement. Although HMWl is released from 
microtubules by ATP, its binding to them is typically not en- 
hanced by AMP-PNP. Furthermore, the ATPase activity of 
HMWl is inhibited by NEM, while microtubule movement 
is not. 

Several polypeptides from squid axons or optic lobes 
with molecular weights of 110, 80, 70, and 65 kd are con- 
sistently associated with microtubule movement. The 
65/70 kd doublet polypeptides coelute with the 110 kd 
polypeptide in gel filtration and hydroxyapatite columns 
with a constant ratio of Coomassie blue staining intensity. 
A similar ratio of 120 kd to 62 kd polypeptides is observed 
with the bovine translocator. An 80 kd polypeptide also 
copurifies with the squid translocator, but typically not 
with the bovine translocator. This polypeptide, which was 
present in variable and generally less than stoichiometric 
amounts, could represent breakdown of the 110 kd poly- 
peptide. In gel filtration columns, both the squid and bo- 
vine translocators elute with an apparent molecular 
weight of 600 kd. This result is consistent with the idea that 
both the bovine and squid translocators are complexes of 
the 110-120 kd and 62-70 kd polypeptides, but additional 
experiments are needed to establish the precise quater- 
nary structure of this complex. 

The AMP-PNP-dependent binding of the translocator to 
microtubules and its release by ATP indicates that it has 
a nucleotide binding site. The vanadate sensitivity of the 
translocator-induced microtubule movement, as well as 
the fact that ATP is a more effective substrate than GTP 
by an order of magnitude, suggests the presence of an 
ATPase. However, the fractions that induce the most move- 
ment have very little associated solution ATPase activity 
(ATP turnover rate of 0.1 sec -1) compared to the ATPase 
activity of dynein (1.5-30 sec-~; Bell et al., 1982). To obtain 
maximal ATPase hydrolysis of the translocator, a ternary 
complex consisting of translocator; microtubule; and 
bead, organelle, or glass surface may be necessary, 
though conditions for producing such complexes in high 
concentrations have not yet been found. 

Kinesin: A Novel Class of Force-Generating Molecules 
Dynein is the only protein known to bind to microtubules 
and perform work (Gibbons, 1981). Axonemal and cyto- 
plasmic dyneins have been isolated from a variety of 
sources and have a number of common features that dis- 
tinguish them as dyneins. By several structural and en- 
zymatic criteria, however, the translocators isolated from 
squid and bovine neural tissue are not dyneins. 

Dyneins are characterized by an ATPase subunit of high 
molecular weight (>300 kd) whereas the translocators de- 
scribed here contain no polypeptide with a molecular 
weight higher than 120 kd. Axonemal dyneins of sea ur- 
chin (Bell et al., 1979; Gibbons and Fronk, 1979), Tetra- 

hymena (Porter and Johnson, 1983), and Chlamydo- 
monas (Piperno and Luck, 1979) are quite large (18S-30S) 
and contain two or three high molecular weight ATPase 
subunits as well as several intermediate and low molecu- 
lar weight subunits. The molecular weights of these 
dynein complexes have been estimated by scanning 
transmission electron microscopy to be between 1 million 
and 2 million daltons (Witman et al., 1983; Johnson and 
Wall, 1983). Lower molecular weight forms (10S-14S) 
have also been isolated, particularly by dissociating larger 
dynein complexes at low ionic strength, but they still con- 
tain a single high molecular weight ATPase (Gibbons and 
Fronk, 1979; Porter and Johnson, 1983; Pfister and Wit- 
man, 1984). 

Cytoplasmic forms of dynein have been isolated (Pratt, 
1980; Scholey et al., 1984; Asai and Wilson, 1985; 
Hisanga and Sakai, 1983; Hollenbeck et al., 1984). These 
proteins also contain a high molecular weight ATPase 
subunit that interacts with microtubules, but they have not 
yet been shown capable of generating force. Since the 
microtubule translocators isolated from neural tissue con- 
tain no 300 kd subunits, even in the presence of protease 
inhibitors, they appear to be structurally distinct from 
cytoplasmic and axonemal dyneins. The translocator also 
is distinct from high MW microtubule-associated proteins 
that have been characterized (Vallee and Bloom, 1984). 

The translocator also differs from dynein with respect to 
its enzymatic properties. While AMP-PNP decreases the 
affinity of dynein for microtubules (Mitchell and Warner, 
1981) and of myosin for actin (Greene and Eisenberg, 
1980), it dramatically increases the affinity of the translo- 
cator for microtubules, even in the presence of equimolar 
concentrations of ATP. While NEM inhibits force genera- 
tion by dynein (Mitchell and Warner, 1981; Cosson and 
Gibbons, 1978), as well as dynein's ability to bind to 
microtubules (Shimizu and Kimura, 1974), microtubule 
movement induced by squid or bovine translocators is 
largely unaffected by NEM. We conclude that the squid 
and bovine translocators represent a novel class of motil- 
ity proteins that are structurally as well as enzymatically 
distinct from dynein, and we propose to call these translo- 
cators kinesin (from the Greek kinein, to move). 

Possible Biological Roles for Kinesin 
Kinesin appears to have a site for binding to a structure 
to be moved and another site capable of cyclic on and off 
interactions with microtubules to produce mechanical dis- 
placement (Vale et al., 1985b). If attached to an organelle 
or a bead, kinesin could act as a motor for organelle or 
bead translocation. The attachment to the organelle may 
be mediated by a protein on the organelle surface, since 
trypsinization of organelles blocks their movement (Vale 
et al., 1985b) whereas attachment to the bead would be 
through absorption to the anionic surface. Only those 
molecules in the correct orientation relative to the micretu- 
bule would generate forces resulting in unidirectional 
translocation, analogous to the manner in which myosin- 
coated beads move unidirectionally on Nitella actin cables 
(Sheetz and Spudich, 1983). 

Although our results are consistent with the notion that 
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kinesin powers organel le translocation along microtu- 
bules, the evidence is circumstantial. Column-purif ied 
kinesin, like axoplasmic supernatant, can increase the 
number of organel les moving along purif ied microtubules. 
Kinesin also induces latex beads to move along microtu- 
bules, although at a lower velocity than the organelles. 
Furthermore, the motor powering organel le transport ap- 
pears to form a stable attachment between vesicles and 
native axoplasmic microtubules in the presence of AMP- 
PNP (Lasek and Brady, 1984), and kinesin also forms a 
stable attachment to microtubules in the presence of 

AMP-PNP. Finally, organel les (Vale et al., 1985a) as well 
as kinesin can form rigor-like attachments with microtu- 
bules in the absence of ATP. On the basis of these find- 

ings, it seems likely that kinesin binds to organel les and 
moves them along microtubules, although there is no di- 
rect proof of an interaction of kinesin with organelles. 

If kinesin serves as a motor for organel le transport, a 
part icularly intriguing problem is how bidirectional move- 
ment of organel les on single microtubules is generated 
(Schnapp et al., 1985). Myosin (Sheetz and Spudich, 

1983) and dynein (Gibbons, 1981) generate force in only 
one direction with respect to their f i lamentous substrates. 
Furthermore, movement of organelles, beads, and micro- 
tubules along purif ied microtubules in the presence of 
axoplasmic $2 supernatant (Vale et al., 1985b) or kinesin 
is primari ly unidirectional, as is the movement of nega- 

tively charged beads injected into crab axons (Adams and 
Bray, 1983). Are there two different translocators that 
move organel les in opposi te directions, or is kinesin modi- 
fied in the axon to induce movement in both directions? 
Current data do not allow us to dist inguish between these 

two alternatives. 
In addit ion to organelle transport, there are other 

microtubule-based forms of intracellular motility for which 
the molecular motors are unknown. The most widely stud- 
ied of such phenomena is the sl iding of the microtubule 
in the spindle apparatus during mitosis. The abil i ty of kine- 
sin to move microtubules in solution suggests that it may 
have two microtubule-binding domains, at least one of 
which is capable of force generation. In a solution of 
microtubules, these forces would cause microtubule 
aggregation and contraction, as observed here and by 
Weisenberg and Ciani (1984). The same kinesin-induced 
microtubule-microtubule (or even microtubule-organel le) 
movements in an organized array of microtubules could 
generate microtubule sliding similar to that which occurs 
during mitosis. Similarly, kinesin could generate force be- 

tween microtubu!es and the plasma or organelle mem- 
branes, which could account for some forms of cellular 

motility. 

Experimental Procedures 

Materials 
Squid, Loligo pealeii, were obtained from the Marine Resources 
Department at the Marine Biological Laboratory at Woods Hole, Mas- 
sachusetts. Giant axons were dissected from the squid as previously 
described (Vale et al., 1985a) and were frozen in liquid nitrogen. 
Freshly removed squid optic lobes were also frozen in liquid nitrogen. 
Fresh bovine brain was obtained from a slaughter house, placed on 

ice, and used within 1 hr of slaughtering. Carboxylated latex beads 
(0.15 ~m diameter; 2.5% solid/solution) were obtained from Poty- 
science Inc. (Warrington, Pennsylvania) and glass coverslips (type 0) 
from Clay Adams (Parisippany, New Jersey). Taxol was a gift from Dr. 
Matthew Suffness at the National Cancer Institute. Bid-Gel A5m and 
hydroxyapatite were obtained from Bio-Rad Inc. (Richmond, New 
York). All other reagents were purchased from Sigma Chemical Co. (St. 
Louis, Missouri). 

Preparation of Axoplasmic Supernatant and Organelles 
$2 axoplasmic supernatant and organelles were prepared as previ- 
ously described (Vale et al., 1985b) with the following modification in 
the sucrose gradient. A low speed (40,000 x g/rain) supernatant 
(about 150/~1) from a homogenate of seven to ten axoplasms was in- 
cubated with 20/~M taxol and 1 mM GTP, and applied to a sucrose gra- 
dient in a 5 x 41 mm Ultra-Clear centrifuge tube (Beckman Inst., Paid 
Alto, California) consisting of 7.5% (125 ~1), 15% (125/~1), and 35% (200 
/~1) sucrose layers. Sucrose solutions were made in motility buffer (175 
mM potassium asparate, 65 mM taurine, 85 mM betaine, 25 glycine, 
20 mM Hepes [pH 7.2], 6.4 mM MgCI2, and 5 mM EGTA) containing 20 
vM taxol and 1 mM GTP (this buffer is referred to as MrG buffer) and 
2 mM ATP. The sucrose gradient was centrifuged at 135,000 × g for 
70 rain at 4°C in a SW50.1 rotor. The organelle band at the 15%-35% 
sucrose interface as well as 75-100/zl of the $2 supernatant above the 
gradient were collected. 

Assays for Microtubule, Bead, and Organelle Movement 
These assays (Vale et al., 1985b), as well as a complete account of 
the procedure for visualizing objects by video-enhanced differential 
interference contrast microscopy (B. Schnapp, submitted), will be 
described elsewhere. To measure microtubule movement, a 1 /~1 sus- 
pension of microtubules essentially free of microtubule-aseociated 
proteins (0.5-1 mg/ml solution; see below for preparation) was com- 
bined with 3-4 ~1 of a test sample on a glass coverslip. In some in- 
stances, a microtubule pellet was directly assayed for movement by 
placing an aliquot of the microtubules directly on a coverslip in an ATP- 
containing buffer. Microtubule movement on glass or microtubule 
movement relative to other microtubules in solution was visualized with 
the video microscope. A sample was scored positive for microtubule 
movement if movement was observed on glass or in solution. The pres- 
ence or absence of movement in different parts of a preparation was 
so consistent that only a minute or two of observation was required to 
evaluate a sample. To determine the amount of movement-inducing ac- 
tivity of a sample, the maximum dilution that still supported microtu- 
bule movement was determined. 

For determining movement of carboxylated latex beads, glass 
coverslips were treated overnight with a 1 mg/ml solution of poly-D- 
lysine, which prevented microtubules from moving along the glass; 
bead movements on microtubules could then be examined without the 
complication of simultaneous microtubule movement. A test sample 
(10 ~1) was combined with beads (4/~1 of a 200-fold dilution of a 2,5% 
solid stock solution in sample buffer) for 5 rain at 4°C. Then 3-4/~1 of 
this mixture was combined with 1 ,ul of microtubules on a poly-D-lysine- 
coated coverslip, and movement of beads along the microtubules was 
evaluated. 

Organelle movement was assayed by combining 1 ,ul of microtubules 
with 3/~1 of organelles (in motility buffer and 2 mM ATP) and 3 ,ul of test 
sample. The purified protein sample in motility buffer plus 2 mM ATP 
or in 100 mM KCI, 50 mM Tris (pH 7.6), 5 mM MgCI2, 0.5 mM EDTA, 2 
mM ATP yielded equivalent results with regard to organelle movement. 
High concentrations of phosphate, however, inhibited organelle move- 
ment, so fractions from the hydroxyapatite column were equilibrated 
with motility buffer using a Centricon filter (molecular weight cutoff of 
30 kd; Amicon Corp., Massachusetts) precoated with bovine serum al- 
bumin. A video recording of a 20 x 20/~m field of microtubules was 
made over 2-5 min, and the number of different organelles moving per 
minute was determined. Velocities of microtubule, bead, and organelle 
movements were determined over distances of 3-10/~m. 

ATPase Assay 
ATPase activity was measured according to the procedure of Clarke 
and Spudich (1974). Protein samples (22.5/~1) in 0.1 M KCI, 50 mM Tris 
(pH 7.6), 5 mM MgCI2, 0.5 mM EDTA were combined with 2.5/~1 of 1-10 
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mM ATP containing 32P-ATP (approximately 150,000 cpm) in 1.5 ml 
microfuge tubes at 23°C for 5 to 40 min. 

Microtubule Affinity Purification of Squid Kinesin 
Squid optic lobes (40 gm wet weight; either freshly dissected or previ- 
ously frozen in liquid N2) were homogenized in 11/2-2 vol of motility 
buffer containing 1 mM ATP, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 10/~g/ml leupeptin, 10/~g/ml N-a-p-tosyI-L-arginine methyl ke- 
tone (TAME), 100/~g/ml soybean trypsin inhibitor, and 0.5 mM DTT with 
40 strokes in a Dounce homogenizer. Homogenization and all subse- 
quent steps were performed at 4°C unless specified, The homogenate 
was centrifuged for 30 min at 40,000 x g, and the supernatant was col- 
lected and recentrifuged at 150,000 x g for 60 min. The supernatant 
from this centrifugation (S2) was incubated with 20 ~M taxol and 1 mM 
GTP for 25 min at 23°C to polymerize tubulin into microtubules (see 
Preparation of Microtubules). 

The mixture was then layered over a 15%/50% (2-4 ml of each) su- 
crose gradient made in MTG buffer, and the gradient was centrifuged 
at 100,000 x g for 60 min in a SW27 rotor. The supernatant ($3, approx- 
imately 40 ml) was collected, taking care to avoid the first interface. $3 
supernatant then was incubated with microtubules (100/~g/ml) in the 
presence of 5 mM AMP-PNP for 15 min at 23°C, and microtubules were 
sedimented at 40,000 x g for 30 rain. The following conditions proved 
best for releasing the translocator in a relatively pure form, although 
different conditions were used in some experiments, as described in 
the figure legends. The microtubule pellet was resuspended in 1-2 ml 
of MTG containing 10 mM AMP-PNP for 15 rain at 4°C to release pro- 
teins that dissociate from microtubules by dilution. Microtubules were 
pelleted at 37,000 x g for 30 min, and the pellet was washed once with 
MTG to remove AMP-PNP. The pellet was then resuspended in 1 ml 
of MTG containing either 10 mM ATP or 5 mM ATP and 0.1 M KCI for 
30-40 min at 23°C. Microtubules were centrifuged as before, and the 
supernatant containing proteins that induced microtubule movement 
was removed (typically containing 1-4 mg/ml total protein) and, if not 
used that day, was stored in liquid nitrogen without significant loss of 
activity. The amount of the 110 kd polypeptide in the microtubule pellet 
and supernatant was assayed by polyacrylamide gel electrophoresis, 
and when necessary, the pellet was extracted again with 1 ml of MTG 
containing 10 mM ATP to retrieve additional translocator protein. 

Microtubule Affinity Purification of Bovine Translocator 
White matter (70 gin) was obtained from brains of freshly killed cows 
and homogenized at 4°C in a weight:volume ratio of 1:1 of 50 mM 
Pipes, 50 mM Hepes, 2 mM MgCI2, 1 mM EDTA, 0.5 mM DTT, 1 mM 
PMSF, 10 ~g/ml leupeptin, 10 ~g/ml TAME, and 0.5 mM ATP (pH 7.0) 
with five bursts of 5 sec in a Polytron homogenizer. The homogenate 
was centrifuged at 25,000 x g for 30 rain at 4°C, and the supernatant 
was collected and recentrifuged at 150,000 x g for 60 min at 4°C. GTP 
(1 mM) and taxol (10/~M) were added to the supernatant for 30 min at 
25°C, and the polymerized microtubules were pelleted at 37,000 x g 
for 30 rain at 20°C. The supernatant was removed and the microtubule 
pellet was further processed as described below. The supernatant 
(comparable to squid $3) was then incubated with squid or bovine 
microtubules (100 ~g/ml) and AMP-PNP (5 mM) for 15 rain at 23°C, and 
the microtubules were pelleted at 37,000 × g for 20 rain at 20°C. The 
supernatant was discarded, and the pellet was resuspended in 5 ml 
of homogenization buffer containing 5 mM AMP-PNP without ATP for 
15 min at 23°C. The microtubules were pelleted as described above, 
and the pellet was washed with 2 ml of homogenization buffer without 
AMP-PNP or ATR The bovine translocator was released by incubation 
in 1-3 ml of homogenization buffer containing 19 mM ATP for 30-40 
rain at 23°C. Microtubules were pelleted as before, and the supernatant 
containing released bovine translocator was collected (1-2 mg/ml). Ad- 
ditional translocator was obtained in some instances by further extrac- 
tion with 0.1 M KCI/10 mM ATR 

Preparation of Microtubules 
Taxol-polymerized microtubules essentially free of microtubule-associ- 
ated proteins were prepared from squid optic lobes either as previously 
described (Vale et al., 1985b) or in conjunction with the preparation of 
squid translocator. In the latter instance, $2 supernatant from squid op- 
tic lobes (see Microtubule Affinity Purification of Squid Kinesin) was in- 
cubated with 20/~M taxol and 1 mM GTP for 25 min at 23°C to poly- 

merize soluble tubulin into microtubules. The mixture was layered over 
a 15%150% (2-4 ml of each) sucrose gradient made in MTG buffer and 
centrifuged for 60 min at 100,000 x g in a SW27 rotor. The microtubule 
pellet was then washed once with 2 ml of 100 mM Pipes (pH 6.6), 5 
mM EGTA, 1 mM MgSO4 (PEM) containing 20/~M taxol and 1 mM GTP 
and resuspended in 4 ml of the same buffer. To extract microtubu!e- 
associated proteins, 2 ml of PEM-taxoI-GTP containing 3 M NaCI was 
added to the microtubules, and the sample incubated at 23°C for 30 
min. Microtubules were centrifuged at 37,000 x g for 30 rain at 10°C, 
and the pellet was washed once with PEM-taxoI-GTR Microtubules 
were then resuspended in 2 ml of PEM-taxoI-GTP at a concentration 
of 2-8 mg/ml and stored in liquid N2. Microtubules obtained during the 
purification of translocator from bovine brain (see above) were further 
processed by the protocol of Regula et al. (1981). Bovine microtubules 
were also prepared according to Vallee (1982). 

Polyecrylamide Gel Electrophoresis 
Electrophoresis was performed in polyacrylamide gels (7.5%) under 
denaturing and reducing conditions according to the method of 
Laemmli (1970) and stained with Coomassie blue. Densitometry was 
performed using a Zenith Soft Laser Scanning densitometer equipped 
with a helium-neon laser. 
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