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Summary 

Single microtubules from squid axoplasm support bi- 
directional movement of organelles. We previously pu- 
rified a microtubule translocator (kinesin) that moves 
latex beads in only one direction along microtubules. 
In this study, a polar array of microtubules assembled 
off of centrosomes in vitro was used to demonstrate 
that kinesin moves latex beads from the minus to the 
plus ends of microtubules, a direction that corresponds 
to anterograde transport in the axon. A crude solu- 
bilized fraction from squid axoplasm (Sla), however, 
generates bidirectional movement of beads along mi- 
crotubules. Retrograde bead movement (1.4ymlsec) is 
inhibited by N-ethylmaleimide and 20 yM vanadate 
while anterograde movement (0.6 ,um/sec) is unaffected 
by these agents. Furthermore, a monoclonal antibody 
against kinesin, when coupled to Sepharose, removes 
the anterograde, but not the retrograde, bead translo- 
cator from Sla. These results indicate that there is a 
retrograde bead translocator which is pharmacologi- 
cally and immunologically distinct from kinesin. 

Introduction 

Most eukaryotic cells transport organelles through their 
cytoplasm (Schliwa, 1984). The squid giant axon, because 
of its size and abundance of actively moving organelles, 
has provided an important system for studying this 
phenomenon (Allen et al., 1982, 1985; Brady et al., 1982; 
Vale et al., 1985a). Recent studies have indicated that 
microtubules in the squid giant axon (Schnapp et al., 
1985) and in other cells (Koonce and Schliwa, 1985; Hay- 
den et al., 1983) provide tracks for organelle movement. 
Indeed, movement of isolated axoplasmic organelles has 
been observed along purified microtubules (Vale et al., 
1985b) and along axonemal microtubules (Gilbert et al., 
1985). Thus, it appears likely that directed movement of or- 
ganelles within cells depends upon an interaction with 
microtubules. 

§To whom correspondence should be addressed. 

Microtubules in axons are typically oriented with their 
plus ends toward the nerve terminal and their minus ends 
toward the cell body (Burton and Paige, 1981; Heidemann 
et al., 1981). Nevertheless, organelle movement occurs in 
both directions in intact axons (Grafstein and Forman, 
1980; Allen et al., 1982) and even along single microtu- 
bules dissociated from squid axoplasm (Schnapp et al., 
1985). These results could be explained either by a single 
translocator that produces movement in both directions 
on a microtubule, or by separate translocators that recog- 
nize the intrinsic polarity of the microtubule. 

We have shown that a soluble fraction from axoplasm 
enhances the movement of squid axoplasmic organelles 
along microtubules, generates movement of purified mi- 
crotubules along a glass coverslip as well as movement 
of microtubules relative to one another in solution, and 
generates movement of carboxylated latex beads along 
microtubules (Vale et al., 1985b). A protein that induces 
these movements has been purified from squid optic 
lobes and bovine brain (Vale et al., 1985c). This transloca- 
tor contains 110-120 kd and 60-70 kd polypeptide sub- 
units and migrates in gel filtration columns with an appar- 
ent molecular weight of 600-700 kd. This new translocator, 
which we have termed “kinesin:’ has structural and en- 
zymatic characteristics different from those of dynein and 
myosin (Vale et al., 1985c). 

Like myosin (Sheetz and Spudich, 1983) and dynein 
(Gibbons, 1981), kinesin is a unidirectional translocator 
and generates movement of latex beads in only one direc- 
tion along a microtubule (Vale et al., 1985c). In order to es- 
tablish the direction of kinesin-generated movement, an 
astral array of microtubules polymerized off of centro- 
somes in vitro (Mitchison and Kirschner, 1984) was used 
as a substrate for movement. Microtubules nucleated 
from centrosomes assemble with their plus ends oriented 
away from the centrosome, providing a microtubule sub- 
strate of defined polarity (Bergen et al., 1980; Mitchison 
and Kirschner, 1984). 

Using this polarity assay we show that kinesin promotes 
bead movement from the minus ends to the plus ends of 
microtubules. We also show that a crude solubilized frac- 
tion from squid axoplasm supports bidirectional move- 
ment of latex beads along centrosomal microtubules. 
Bead movement in the anterograde direction in the pres- 
ence of this fraction exhibits the same properties as 
kinesin-induced movement while movement in the retro- 
grade direction appears to be mediated by a protein trans- 
locator that is pharmacologically and immunologically 
distinct from kinesin. 

Results 

An Assay for Polarity of Movement 
Latex beads incubated with a high speed supernatant 
from the squid giant axon (S2 supernatant; Vale et al., 
1985b) or with purified kinesin (Vale et al., 1985c) move 
unidirectionally along taxol-polymerized squid micro- 
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Figure 1. Movement of Centrosomal Microtubules on a Glass 
Coverslip 

Centrosomal microtubules move along the glass coverslip when kine- 
sin and ATP are added. Movements of three microtubules are indicated 
by arrowheads at their trailing (+) ends. The direction of these kinesin- 
induced movements is toward the centrosome (C). Asterisks indicate 
stationary beads attached to glass coverslip; elapsed times in seconds 
are indicated at right. Video DIG; 6000x. 

tubules. To determine the direction of bead movement, 
bovine tubulin was nucleated by centrosomes and as- 
sembled into microtubules under conditions where spon- 
taneous polymerization is kinetically unfavorable. Poly- 
merization was continued until the microtubules were 
8-15 pm long (Figure l), and the resulting astral arrays 
contained 5-40 microtubules. To prepare them for assay- 

Figure 2. Kinesin-Induced Movement of Latex Beads along Cen- 
trosomal Microtubule 

All beads marked with letters move away from the centrosome (C) to- 
ward the plus end of the microtubule. This direction is characteristic 
of kinesin-induced movement and would correspond to anterograde 
transport in the intact axon. Beads fand g move to the right, out of the 
field of view, between 0 and 3 sec. Bead a binds to the microtubule from 
solution between 0 and 3 set and moves in the anterograde direction. 
Elapsed times in seconds are indicated at right. Video DIC; 10,000x. 

ing bead movement in the video microscope, the centro- 
some-microtubule complexes were sedimented through 
a glycerol cushion onto polylysine-coated glass cover- 
slips, which were transferred to a buffer containing taxol, 
where the complexes remained stable for several hours. 

Purified Kinesin or S2 Supernatant Generates 
Anterograde Bead Movement 
In the presence of purified kinesin, latex beads moved 
only from the minus ends to the plus ends of the microtu- 
bules (700 observations; Figure 2). This direction would 
correspond to anterograde transport along microtubules 
in the intact axon (Burton and Paige, 1981; Heidemann et 
al., 1981). Kinesin purified by microtubule affinity and gel 
filtration chromatography (Vale et al., 1985c) and kinesin 
purified by monoclonal antibody affinity chromatography 
(Steuer et al., Am. Sot. Cell Biol. abstract, in press) 
yielded identical results. Furthermore, kinesin isolated 
from sea urchin eggs (Scholey et al., 1985) also promoted 
only anterograde movement of beads. Beads incubated in 
the presence of S2 axoplasmic supernatant also moved 
predominantly in the anterograde direction (500 observa- 
tions), although two instances of retrograde bead move- 
ment were observed in one preparation. 
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Figure 3. Bidirectional Movement of Beads along a Centrosomal 
Microtubule Induced by Sla Supernatant 

A bead at 0 set moves rapidly to the left (arrowhead) toward the centro- 
some (C), pauses, and then moves more slowly in the opposite direc- 
tion away from the centrosome. Another bead marked with an asterisk 
moves in a discontinuous fashion toward the centrosome and then 
stops. The bead marked with the arrowhead passes the bead marked 
with the asterisk between 1 and 3 sec. Elapsed times in seconds are 
indicated at right. 

ure 1). Microtubules moved with their plus ends trailing 
and formed U shapes because their minus ends were an- 
chored to the centrosome. Microtubules compressed into 
U shapes eventually sprang back to a straight configura- 
tion. The direction of microtubule movement on glass 
(plus end to minus end) is opposite to the direction of bead 
movement along microtubules. This is the expected result 
if the same translocator attaches to the glass coverslip 
and to the bead surface, and exerts force in the same 
direction with respect to the polarity of the microtubule 
(Vale et al., 1985b). 

Bidirectional Bead Movement Generated by 
Axoplasmic Supernatant (Sla) 
Organelles move bidirectionally along single native axo- 
plasmic microtubules in dissociated axoplasm (Schnapp 
et al., 1985). Only anterograde bead movement, however, 
was induced by the high speed supernatant (S2). We 
therefore examined the movement of latex beads in a low 
speed supernatant (Sl) from axoplasm that contained 
vesicles as well as free axoplasmic microtubules. In the 
presence of Sl, beads moved bidirectionally along native 
axoplasmic microtubules and frequently reversed direc- 
tion (not illustrated). These microtubules also supported 
bidirectional movement of axoplasmic organelles, but or- 
ganelles rarely, if ever, reversed direction on a particular 
microtubule. 

Vesicles and microtubules were removed from the Sl 
supernatant by Triton X-100 (0.5%) and centrifugation 
(20,000 x g.hr), yielding a supernatant (Sla) that con- 
tained only small (7-11 nm) diameter filaments as seen in 
negatively stained preparations viewed by electron mi- 
croscopy (not shown). In the presence of Sla and ATP, 
beads moved in both directions along centrosomal mi- 
crotubules (Figure 3). In most preparations movement 
was predominantly anterograde, varying from 40% to 
90% anterograde movement in different preparations. 
Bead movement in the presence of Sla was qualitatively 
different from the movement generated by S2 or purified 
kinesin. Beads moved discontinuously, rarely moving 
smoothly over distances greater than 10 pm. Beads also 
dissociated from microtubules more frequently in Sla 
than in purified kinesin or S2. Bidirectional bead move- 
ment in the presence of Sla was also observed on axo- 
nemal microtubules, on microtubules polymerized off of 
axonemes using purified bovine brain tubulin, and on 
taxol-polymerized microtubules from squid optic lobe. 

Single beads frequently reversed their direction of 
movement on centrosomal microtubules in the presence 
of Sla, often pausing for a few seconds before moving in 
the opposite direction (Figure 3). Some beads made 
repeated short movements (of approximately 1 pm) in both 
directions. Beads moved in the anterograde and retro- 
grade directions at different velocities (Figure 4). Since 
beads typically exhibited discontinuous movements with 
frequent stops and starts, velocities were obtained only 
from beads that displayed continuous movements. In the 
presence of Sla, beads moved in the anterograde direc- 
tion at approximately the same velocity (0.6 rmlsec) as 
beads treated with purified kinesin. The velocity of move- 

In the presence of S2 or purified kinesin, beads in solu- 
tion bound to and moved along microtubules in a smooth 
and continuous manner, often moving more than 10 pm 
before dissociating. Beads never reversed their direction 
of movement along a microtubule. The velocity of bead 
movement along centrosomal microtubules in the pres- 
ence of either S2 supernatant or purified kinesin was 
0.5-0.6 ,um/sec, which is similar to the velocity of bead 
movement on taxol-polymerized squid microtubules (Vale 
et al., 1985b, 1985c). Neither the velocity nor the direction 
of bead movement generated by purified kinesin was sig- 
nificantly affected by 20 yM vanadate or by pretreatment 
of kinesin with 2 mM N-ethylmaleimide (NEM). 

As previously observed with taxol-polymerized microtu- 
bules (Vale et al., 1985b), translocation of centrosomal 
microtubules along the surface of the glass coverslip was 
induced by either the S2 fraction or purified kinesin (Fig- 
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Figure 4. Velocities of Beads and Organelles Moving in the Antero- 
grade or Retrograde Directions on Centrosomal Microtubules 
Velocities of beads moving anterograde in the presence of purified 
kinesin (40 &ml), anterograde (A) or retrograde (R) in the presence 
of Sla, or retrograde in the presence of a fraction of Sla that did not 
adsorb to an antikinesin monoclonal antibody affinity column (see Fig- 
ure 6 for details). Velocities of anterograde and retrograde movements 
of axoplasmic organelles are also shown. At least 25 velocity measure- 
ments were made for each sample, and error bars indicate standard 
deviations. 

ment in the retrograde direction, however, was 1.3 pm/set. 
Furthermore, single beads that reversed direction moved 
at 0.6 pm/set in the anterograde direction and 1.3 pm/set 
in the retrograde direction (Figure 3). 

In contrast to the microtubule movements generated by 
purified kinesin or S2 supernatant (Vale et al., 1985b, 
1985c), microtubules in the presence of Sla infrequently 
made directed linear movements on the glass coverslip 
(Table 1). However, some movement of microtubules rela- 
tive to one another occurred in solution. Fewer microtu- 
bules appeared to be attached to the coverslip in the pres- 
ence of Sla than in the presence of S2. This result 
suggests that proteins in Sla interfere with kinesin- 
generated movement of microtubules on glass. 

Previous studies have shown that a large portion of the 
anterograde translocator, kinesin, is found in a soluble 
fraction from axoplasm or brain tissue (Vale et al., 1985c). 
To determine whether the factor responsible for retrograde 
translocation is also in a soluble form, organelles and 
microtubules were removed from the Sl supernatant by 
centrifugation (80,000 x g.hr). When tested on centro- 
somal microtubules, the supernatant obtained from this 
centrifugation induced a small amount of retrograde 
movement of beads (l%-6% retrograde movement; five 
preparations). In several preparations, addition of 0.5% 
Briton X-100 to this supernatant increased the amount of 
retrograde movement by 2 to 3 fold, but this effect was 
variable. This increase in retrograde bead movement 
could be due to an activation of the retrograde translocator 
by Triton X-100, as has been reported with the dynein 
ATPase (Gibbons and Fronk, 1979). When 0.5% Triton 

Table 1. Microtubule Movement on Glass in the Presence 
of Sla, S2, and Kinesin 

Sample Microtubule Movement on Glass 

Buffer 
s2 ++ 
Kinesin ++ 
Sla +I- 
Sla + 2 mM NEM + + 

Microtubule movement on glass was assayed by incubating 1 ~1 of 800 
rglml taxol-polymerized squid microtubules with 4 ~1 of the sample. 
The kinesin concentration was 50 pglml and Sla was treated with 2 
mM NEM for 30 min at 23% followed by inactivation by 10 mM DTT 
for 20 min at 4%. The absence of linear microtubule movement on 
glass (-), slight linear movement or absence of movement in some 
preparations (+I-), and abundant linear movement of microtubules 
(+ +) are indicated. 

X-100 was added prior to the 80,000 x g.hr centrifugation, 
the amount of retrograde movement generated by the su- 
pernatant was consistently greater than in the absence of 
Triton X-100 (80/o-25%; three preparations), possibly indi- 
cating that Briton X-100 extracts the retrograde transloca- 
tor from organelles or filaments. Briton X-100 had no effect 
on the direction or the velocity of bead movement gener- 
ated by purified kinesin. 

Since bidirectional bead movement along native 
microtubules is induced by Sl, but not by the high speed 
supernatant S2, the retrograde translocator may sediment 
into the sucrose gradient during centrifugation. To test this 
idea, bead movement induced by S2 was compared with 
movement induced by fractions collected from the 7.5%, 
15% and 35% sucrose layers after a 260,000 x g.hr cen- 
trifugation. While S2 induced only anterograde move- 
ment, retrograde bead movement (lo%-25% of the total 
bead movement) was induced by fractions collected from 
the 7.5% layer and occasionally from the 15% sucrose 
layer. Substantially less bead movement was induced by 
these fractions than by the S2 supernatant. The percent- 
age of retrograde bead movement was never more than 
50% in any fraction of the gradient. The retrograde trans- 
locator also sedimented into the gradient when Sl was 
treated with 0.5% Triton X-100 before centrifugation on the 
sucrose gradient. The finding that the retrograde bead 
movement is induced by fractions obtained from the 7.5% 
sucrose layer indicates either that the retrograde bead 
translocator is much larger than kinesin or that it tends to 
associate with large structures, such as filaments, that 
sediment through the gradient. 

Organelles retrieved from the 15%-35% interface of 
the sucrose gradient were also tested for movement on 
centrosomal microtubules. These organelles moved bi- 
directionally along centrosomal microtubules, with 20%- 
90% moving in the retrograde direction in different prepa- 
rations. These results are different from our previous 
results, which showed that organelles move primarily in 
one direction, the same direction as beads, along taxol- 
polymerized microtubules from squid optic lobe (Vale et 
al., 1985b). The reason for this discrepancy and the vari- 
ability in the proportion of anterograde to retrograde move- 
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Figure 5. NEM and Vanadate Sensitivity of Anterograde and Retro- 
grade Bead Movement 

Sla supports bidirectional movement of beads, but after NEM inactiva- 
tion or incubation with 20 PM vanadate it supports only anterograde 
movement. Sla was inactivated with 2 mM NEM for 30 min at 23%, 
followed by 10 mM DTT for 15 min at 4%; the control was treated with 
DTT alone without NEM. Results shown here are representative of 
three similar experiments; between 100 and 300 bead movements 
were observed with each sample. 

ment is not yet clear. Unlike beads, organelles moving 
along centrosomal microtubules rarely reversed direction 
over distances of several micrometers, and organelle 
movement was generally smooth and continuous. Fur- 
thermore, the velocity of movement in the anterograde 
direction (1.4 f 0.17 pmlsec) was approximately the same 
as the velocity in the retrograde direction (1.5 + 0.2 
rm/sec) (Figure 4). Thus, in the retrograde direction, the 
velocities of movement of beads and organelles were ap- 
proximately equal (Figure 4). 

Pharmacological and immunological Distinctions 
between Anterograde and Retrograde 
Bead Movement 
Like microtubule movement (Vale et al., 1985c), bead 
movement generated by kinesin was not inhibited by 
N-ethylmaleimide (NEM; 2 mM). When Sla was treated 
with 2 mM NEM followed by 10 mM dithiothreitol (DTT) in- 
activation, the NEM-treated Sla induced only anterograde 
movement, indicating that the retrograde translocator is 
sensitive to sulfhydryl reagents. DTT treatment alone had 
no effect on Sla-generated movement. Furthermore, in 
contrast to the discontinuous bead movements seen in 
the presence of Sla, NEM-treated Sla induced smooth, 
continuous bead movements that were qualitatively indis- 
tinguishable from bead movements generated by purified 
kinesin. The NEM-treated Sla also induced pronounced 
linear movements of microtubules on the glass coverslip 
(Table 1). 

Vanadate, a potent inhibitor of the dynein ATPase at 
a concentration of 1 PM (Gibbons et al., 1978), inhibits 
kinesin-generated microtubule movement only at concen- 

a b c d 

Figure 6. Monoclonal Antibody MCK-1 Recognizes the 110 Kilodal- 
ton Subunit of Kinesin 

Lane a shows a Coomassie-stained polyacrylamide gel of a 150,000 
x g supernatant (S2) of squid optic lobe homogenate (5-fold diluted), 

and lane b shows an immunoblot of this sample reacted with MCK-1 
monoclonal antibody and visualized with a rabbit anti-mouse antibody 
conjugated with horseradish peroxidase. When MCK-I was attached 
covalently to Sepharose 48 and 52 incubated with the resin as de- 
scribed in Experimental Procedures, most proteins passed through the 
column. Polypeptides that bound and could be eluted with 1 M KCI and 
100 mM triethylamine (pH 11.5) are shown in lane c. The eluted protein 
has subunits identical to those of kinesin prepared by microtubule af- 
finity. An immunoblot (lane d) shows that MCK-1 reacts with the 110 kd 
kinesin subunit. Migration of molecular weight markers is indicated at 
the left. 

trations of 100 ,uM (Vale et al., 1985c). Vanadate at concen- 
trations of 20 ,uM did not significantly affect microtubule 
movement on glass or bead movement on microtubules 
in the presence of S2 or purified kinesin. After Sla was in- 
cubated with 20 ,uM vanadate it no longer induced retro- 
grade bead movements, suggesting that the anterograde 
and retrograde translocators have different vanadate sen- 
sitivities (Figure 5). 

The different sensitivities of anterograde and retro- 
grade bead movement to NEM and vanadate suggests 
that different translocators may be involved. We therefore 
attempted to separate kinesin from the retrograde translo- 
cator with a monoclonal antibody to kinesin (MCK-1). This 
monoclonal antibody binds to the 110 kd subunit of puri- 
fied kinesin, and immunoblot analysis showed that this 
polypeptide is the only one recognized in a crude super- 
natant of squid optic lobe (Figure 6). The MCK-1 antibody 
coupled to a Sepharose 48 column by cyanogen bromide 
linkage quantitatively binds and removes kinesin from a 
high speed supernatant of squid optic lobe. The major 
polypeptides from squid optic lobe binding to this column 
and eluting with alkaline pH and high ionic strength in- 
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Figure 7. The Translocator for Anterograde, but Not Retrograde, Move- 
ment Is Removed by an Antikinesin Antibody Affinity Column 

Antikinesin antibody (MCK-1) or control mouse IgG was coupled to 
Sepharose 48, and Sla (200 pl) was incubated with resins (100 Kl) as 
described in Experimental Procedures. A Coomassie-stained poly- 
acrylamide gel of Sla (lane a), the flow-through of the control mouse 
IgG-Sepharose column (lane b), and the flow-through of the MCK- 
1-Sepharose column (lane c) are shown. Arrowheads (open) indicate 
the positions of 110 and 66 kd polypeptides that are depleted in the 
MCK-1 flow-through compared with Sla or the control IgG flow- 
through. lmmunoblot analysis of these samples (lane d, Sla; lane e, 
control IgG flow-through; lane f, MCK-1 flow-through) with MCK-1 anti- 
body indicates that kinesin is removed from Sla after passing through 
the MCK-1-Sepharose column. The graph shows the percentage of 
retrograde bead movement induced by Sla, control IgG flow-through, 
or MCK-1 flow-through from two separate experiments. Between 75 
and 150 bead movements were examined in each sample. 

elude the 110, 65, 70, and 60 kd polypeptides (Figure 6), 
which comprise or are associated with kinesin (Vale et al., 
1965c). 

The Sla supernatant was incubated with Sepharose 48 
coupled with MCK-1 or control mouse immunoglobulin, 
and the material that did not bind to the column was as- 
sayed for bead movement activity and kinesin content. Im- 
munoblot analysis shows that kinesin was removed from 
the Sla when this material was passed over the MCK- 
1-Sepharose resin but not when passed over the mouse 
IgG-Sepharose resin that served as a control (Figure 7). 
Furthermore, Coomassie-stained polyacrylamide gels 
show that 110 and 66 kd polypeptides are depleted in the 
flow-through from the MCK-1-Sepharose column. While 

Table 2. Effects of Treatments on Retrograde 
Movement of Beads along Centrosomal Microtubules 
Induced by Kinesin-Depleted Sla 

Treatment 

None 
Trypsin 
2 mM NEM 
IO r&t Vanadate 
7.5 mM AMP-PNP 

Movement 

+ 

ATP depletion with hexokinaselglucose - 

Sla was passed over an antikinesin monoclonal antibody (MCK-l)- 
Sepharose 46 column as described in Figure 7. The nonadsorbed flow- 
through induced only retrograde (plus to minus) bead movement on 
centrosomal microtubules. This bead movement was tested for sensi- 
tivity to enzymatic or pharmacological treatments. All treatments were 
conducted in motility buffer containing 1 mM DlT and 1 mM ATP. Tryp 
sin: 0.5 mglml for 15 min at 23%, followed by 5 mglml soybean tryp 
sin inhibitor for 15 min at 4%. NEM: 2 mM for 30 min at 23%, followed 
by 10 mM DTT for 20 min at 4%. Hexokinase: 20 U/ml hexokinase 
and 4 mM glucose for 30 min at 23%. 

the Sla induced primarily anterograde bead movement 
(60%-80% anterograde) before it was applied to these col- 
umns, the flow-through from the MCK-1 column induced 
100% retrograde bead movement (Figure 7). This result in- 
dicates that the anterograde translocator interacts with the 
antikinesin affinity column while the retrograde transloca- 
tor does not. When Sla was incubated with total mouse 
immunoglobulin coupled to Sepharose 46, the eluent in- 
duced bidirectional bead movement, indicating that nei- 
ther the anterograde translocator nor the retrograde trans- 
locator interacted with nonspecific antibodies or the 
Sepharose resin (Figure 7). 

The retrograde translocator that passed through the 
MCK-1-Sepharose 48 column was examined for sensitiv- 
ity to enzymatic and pharmacological treatments (Table 
2). Trypsin treatment abolished retrograde bead move- 
ment, indicating that the retrograde translocator is a pro- 
tein. As expected, movement was completely inhibited by 
2 mM NEM and 10 FM vanadate. Retrograde bead move- 
ment was dependent on ATP, as demonstrated by deplet- 
ing ATP using hexokinase and glucose. Retrograde bead 
movement, like kinesin-generated movement (Vale et al., 
1985b), was inhibited by 7 mM AMP-PNP in the presence 
of 1 mM ATP The velocity of beads treated with the retro- 
grade fraction was 1.45 rm/sec (Figure 4), only slightly 
greater than the velocity of beads moving continuously in 
the retrograde direction in bidirectional Sla preparations. 
Bending movements of microtubules on glass were occa- 
sionally induced by the MCK-1 column flow-through; how- 
ever, neither linear translocation of microtubules on glass 
nor microtubule movements on microtubules in solution 
were observed. 

Discussion 

An In Vitro Assay for Direction of Movement 
on Microtubules 
Arrays of microtubules nucleated from isolated centro- 
somes provide a useful preparation for investigating the 
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direction of bead movement with respect to microtubule 
polarity, because all of the microtubules have their plus 
ends oriented away from the centrosome (Bergen et al., 
1980; Mitchison and Kirschner, 1984). With this assay sys- 
tem we have determined that kinesin generates unidirec- 
tional movement of beads along microtubules from their 
minus ends to their plus ends, a direction equivalent to an- 
terograde transport in the intact axon (Burton and Paige, 
1981; Heidemann et al., 1981). No bead movement toward 
the centrosome was noted in the presence of kinesin 
alone, indicating the consistency and reliability of this 
assay. 

Microtubules from various sources have different num- 
bers of protofilaments that could behave differently as 
substrates for organelle and bead movements. Microtu- 
bules assembled off of centrosomes in vitro have 13 pro- 
tofilaments, as do native microtubules, whereas the ma- 
jority of spontaneously polymerized microtubules have 
14 protofilaments (Evans et al., 1985). Thus, centrosomes 
provide a uniform array of microtubules with the same 
number of protofilaments as intracellular microtubules. 

Anterograde and Retrograde Movements Are 
Mediated by Different Translocators 
The bidirectional movement of beads along microtubules 
in the presence of axoplasmic supernatant Sla suggests 
that there are two translocators which generate force in 
opposite directions on single microtubules when bound to 
anionic beads. The ability of individual beads to reverse 
their direction of movement indicates that the two translo- 
caters interact simultaneously with the bead surface. In 
some instances, the two translocators may counteract one 
another, producing short back and forth displacements of 
the beads. The long displacements (10 pm or more) of 
beads in one direction require that contact is maintained 
with the microtubule during movement. In order to gener- 
ate continuous movement, individual anterograde or retro- 
grade translocators could have multiple arms or may self- 
associate, creating patches of anterograde or retrograde 
translocator molecules on the bead surface. At present, 
however, the molecular interactions on the bead surface 
necessary for movement are poorly understood. 

Anterograde bead movement induced by axoplasmic 
Sla supernatant appears to be generated by kinesin. This 
movement occurs at the same velocity and demonstrates 
the same insensitivity to NEM and vanadate as purified 
kinesin. Furthermore, anterograde bead movement is no 
longer observed after passing Sla over an antikinesin 
monoclonal antibody affinity column, indicating that kine- 
sin alone is responsible for the anterograde bead move- 
ment generated by crude supernatants. 

The characteristics of retrograde bead movement are 
distinct from movement induced by kinesin. Retrograde 
bead movement exhibits a velocity twice that of kinesin- 
generated anterograde movement, and is completely in- 
hibited by 10 PM vanadate or 2 mM NEM. Furthermore, 
the retrograde translocator is not retained by the antikine- 
sin monoclonal antibody column. lmmunoblot analysis 
also indicates that the MCK-1 column flow-through, which 
promotes retrograde bead movement, contains virtually 

no kinesin. These results are consistent with the idea that 
retrograde bead movement is induced by a force-gener- 
ating protein that is distinct from kinesin. It is still possible, 
however, that retrograde movement is generated by a 
kinesin that is posttranslationally modified, but such a 
modification must affect the epitope recognized by the 
MCK-1 antibody in native and denaturing conditions as 
well as alter its NEM and vanadate sensitivities. 

Relationships between Bead and 
Organelle Movements 
The relationship of bidirectional bead movement in vitro 
to bidirectional organelle movement in the axon remains 
unclear. There is some evidence that kinesin is involved 
in organelle transport. Some preparations of purified kine- 
sin promote organelle movement along microtubules in 
vitro (Vale et al., 1985c), and, like kinesin, organelles form 
stable attachments with microtubules in dissociated axo- 
plasm in the presence of the nonhydrolyzable ATP ana- 
logue, AMP-PNP (Lasek and Brady, 1985). Nonetheless, 
there is no direct evidence of an interaction of kinesin with 
organelles. Similarly, it is not known whether the retro- 
grade bead translocator associates with organelles, al- 
though Briton X-100 enhances retrograde bead movement 
in crude supernatants and the velocity of retrograde bead 
movement is very similar to the velocity of organelle 
movement. 

There are several differences between bidirectional bead 
movement and organelle movement. The velocity of retro- 
grade bead movement (1.5 rmlsec) is twice the velocity of 
anterograde movement. Organelle movement, on the 
other hand, exhibits approximately the same velocity in 
anterograde and retrograde directions. The difference in 
velocities may reflect a difference in the manner in which 
the anterograde and retrograde translocators interact with 
beads compared with organelles (see also Vale et al., 
1985b). Furthermore, beads frequently reverse their di- 
rection on microtubules, while individual organelles rare- 
ly reverse their direction on axoplasmic microtubules 
(Schnapp et al., 1985) or centrosomal microtubules though 
a few exceptions among thousands of movements have 
been noted. There is also evidence from radiolabeling 
studies of cold blocked or ligatured axons that some of 
the anterograde-moving organelles change their direc- 
tion and return to the cell body (Bisby and Bulgar, 1977; 
O’Brien and Synder, 1982; Smith, 1980). Nonetheless, or- 
ganelles have great consistency with respect to their 
direction of movement along microtubules, which is not 
true of latex beads. This difference could be explained if 
organelles contain receptors on their surface that recog- 
nize either the anterograde or the retrograde translocator. 
There is some evidence that proteins on the organelle 
membrane are important for interaction with the translo- 
cator, because trypsin treatment of organelles abolishes 
their movement on purified microtubules even in the pres- 
ence of active translocator (Vale et al., 1985b). 

Relationship to Microtubule-Dependent 
Movements in Other Systems 
Chromosomes may translocate along microtubules dur- 
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ing metaphase. Like organelles, kinetochores move bi- 
directionally along a polar array of microtubules (Bajer, 
1982), and there is some evidence that different mecha- 
nisms mediate movement toward and away from the poles 
(Pickett-Heaps et al., 1982). An ATP-dependent move- 
ment of kinetochores from the minus to plus ends of 
microtubules has also been demonstrated in vitro (Mitchi- 
son and Kirschner, 1985). Thus, bidirectional movement of 
kinetochores is similar in some respects to anterograde 
and retrograde movements of beads and organelles along 
microtubules, suggesting that they may be powered by 
similar mechanisms. 

The translocator kinesin (Vale et al., 1985c) appears to 
be responsible for all of the anterograde movement of 
beads in squid axoplasm extracts. Whether translocation 
of beads in the retrograde direction is generated by one 
translocator protein or several is unknown. Dynein, the 
other known microtubule-based translocator (Gibbons, 
1981) generates force directed toward the minus end of 
doublets in trypsinized axonemes (Sale and Satir, 1977); 
this direction would correspond to the retrograde direction 
in axons. Dynein-like molecules in cytoplasm have also 
been described (Pratt, 1980; Scholey et al., 1984; Asai 
and Wilson, 1985; Hisanga and Sakai, 1983; Hollenbeck 
et al., 1984) but have not yet been demonstrated to gener- 
ate force. Like dynein (Mitchell and Warner, 1981; Cosson 
and Gibbons, 1978; Shimizu and Kimura, 1974; Gibbons et 
al., 1978), the retrograde translocator(s) from squid axo- 
plasm are highly sensitive to vanadate and NEM. How- 
ever, these agents are not sufficiently specific to deter- 
mine whether the retrograde translocator is dynein-like or 
whether it, like kinesin, represents another novel class of 
motile proteins. The identity of this molecule requires its 
purification, and retrograde bead movement on cen- 
trosomal microtubules should provide a suitable assay to 
follow its activity during biochemical fractionation. 

Experimental Procedures 

Materials 
Squid axons were dissected as previously described (Vale et al., 
1985a). Taxol was a gift from Dr. M. Suffness at the National Cancer 
Institute. Carboxylated latex beads (0.15 pm diameter; 2.5% solid/solu- 
tion) were obtained from Poiyscience Inc. (Warrington, PA). All other 
chemicals were purchased from the Sigma Chemical Co. (St. Louis, 
MO). 

Sl and S2 Axoplasmic Supernatants and Organelles 
Axoplasm from 7-10 axons was extruded into 150 ~1 of motility buffer 
(175 mM postassium asparate, 65 mM taurine, 85 mM betaine, 25 mM 
glycine, 20 mM Hepes [pH 7.21, 6.4 mM MgCI,, and 5 mM EGTA) con- 
taining 1 mM ATR 1 mM phenylmethylsulfonyl fluoride, 10 &ml 
leupeptin, and iOrg/ml TAME (homogenization buffer). Axoplasm was 
homogenized by pipetting the mixture up and down with a 200 PI 
Pipetteman. The homogenate was centrifuged for 5 min in a micro- 
fuge, and the supernatant (Sl) was incubated for 20 min at 23OC with 
20 PM taxol and 1 mM GTP in order to polymerize tubulin into mi- 
crotubules. This material was then applied to a sucrose gradient in a 
5 x 41 mm Ultra-Clear centrifuge tube (Beckman Inst., Palo Alto, CA) 
consisting of 7.5% (100 PI), 15% (100 PI), 35% (100 ccl), and 50% (150 
~1) sucrose layers made in homogenization buffer plus 20 PM taxol. 
The gradient was centrifuged at 135,000 x g for 120 min at 4OC in a 
SW50.1 rotor. The top 50 PI of the gradient was retrieved (S2 superna- 
tant). Organelles were obtained by puncturing the tube at the 
15%-35% interface with a 25 gauge needle attached to a 50 PI Hamil- 

ton syringe and collecting 20-40 Fl. The bottom of the tube was punc- 
tured with a 25 gauge needle in order to collect fractions from the entire 
gradient. 

Sla Axoplasmic Supernatant 
Axoplasm from 5-12 axons was homogenized in 250-300 ~1 of ho- 
mogenization buffer and centrifuged in a microfuge, and the super- 
natant (Sl) was collected as described above. Tax01 (20 PM), GTP (1 
mM), and Triton X-100 (0.5%) were added and the mixture was in- 
cubated for 15 min at 23OC. The sample was then centrifuged at 40,000 
x g for 30 min at 4OC, and the supernatant (Sla) was collected. 

Squid Kinesin and an Antikinesin Monoclonal 
Antibody Affinity Column 
Squid kinesin was purified by microtubule affinity with adenylyl im- 
idodiphosphate and gel filtration chromatography as previously de- 
scribed (Vale et al., 1985c). Affinity purification of squid kinesin was 
performed using a monoclonal antibody (MCK-1) directed against the 
110 kd subunit of squid kinesin. Ascites fluid was collected in order to 
obtain large quantities of MCK-1 antibody. A 30%-50% ammonium 
sulfate cut of the ascites fluid was made and antibody was further puri- 
fied by DE-52 chromatography (Parham, 1983). Purified antibody (5 
mg) was reacted with CNBr-activated Sepharose 46 (0.5 ml swollen 
resin) for 12 hr at 4OC in coupling buffer (05 M NaCI, 0.25 M NaHCO,, 
pH 8.9) on a rotary shaker. Unreacted sites were blocked with 0.2 M gly- 
tine in coupling buffer for 2 hr at 23OC, and the resin was washed ex- 
tensively with motility buffer. A final concentration of 8 mg antibody per 
ml resin was obtained. A high speed supernatant from squid brain (S2; 
see Vale et al., 1985c) or Sla was reacted with the MCK-1 Sepharose 
resin in a volumetric ratio of 8:l or 2:l (supernatant:resin) respectively 
for 2 hr at 4OC using a rotary shaker. The flow-through was collected 
and passed over the column again. After washing with 8 column vol- 
umes of coupling buffer, kinesin was eluted from the MCK-I column 
with 1 M KCI and 100 mM diethylamine (pH 11.5) and then rapidly neu- 
tralized with one-fifth volume of 0.5 M Pipes (pH 6.8). Mouse total IgG 
was coupled with Sepharose 48 and incubated with Sla in a manner 
identical to that described above in order to control for nonspecific 
binding to antibody. 

Preparation of Centrosomal Microtubules 
Centrosomes from N115 or CHO cells were prepared by the procedure 
of Mitchison and Kirschner (1984, 1986); phosphocellulose purified 
tubulin was obtained by thrice cycling microtubules and passing the 
mixture of microtubule-associated proteins and tubulin over a phos- 
phocellulose column as previously described (Mitchison and Kirsch- 
ner, 1984). Centrosomes and tubulin were stored as aliquots at -8OOC. 
The procedure for initiating microtubule growth from centrosomes is 
essentially that described by Mitchison and Kirschner (1984). Centro- 
somes (3.3 x lO’/ml final concentration; 105 per coverslip) and tubulin 
(l-2 mglml final concentration) were mixed at 4OC in 80 mM Pipes (pH 
6.8) 1 mM MgCI,, and 1 mM EGTA (BRBBO) plus 1 mM GTP The mix- 
ture was then incubated at 36OC for 8-10 min and then diluted 25-fold 
with 33% glycerollBRB80 (36OC). Four aliquots were then layered over 
5 ml of warm 40% glycerollBRB80 in four specially adapted 15 ml Co- 
rex tubes (see Evans et al., 1985). A 15 mm diameter polylysine-coated 
circular glass coverslip, which later could be removed, was placed at 
the bottom of each tube. The Corex tubes were then centrifuged at 
28,000 x g for 20 min at 30°C in a HB-4 rotor. The top 4.5 ml were aspi- 
rated and the interface was washed twice with 1.5 ml of 1% Triton X-100 
to remove any free tubulin. The interface was then layered with a small 
amount of BRB80/0.1% Triton X-100/15 PM taxol, and the coverslips 
were pulled out of the Corex tube as previously described (Evans et 
al., 1985). The coverslip was placed on parafilm and gently washed two 
or three times with the same BRBBO, Triton X-100, taxol buffer and 
placed in a well containing this buffer in which the microtubules re- 
mained stable for several hours. 

A Polarity Assay for Movement Using Centrosomal Mlcrotubules 
A test sample (12 ~1) was incubated with 3-4 PI of a 20-fold dilution of 
latex beads (2.5% solid solution) in motility buffer containing 20 PM 
tax01 and 5 mM ATR A circle of vacuum grease was applied to a 20 
x 60 mm glass coverslip with small glass fragments embedded in the 

grease as spacers; 15 ~1 of the bead sample was applied within the 
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grease circle. The circular glass coverslip with centrosomal microtu- 
bules was blotted on filter paper and placed on top of the grease circle 
and sealed with a 1:i:l mixture of lanolin:vaseline:paraffin. The sam- 
ple was assayed for movement by video-enhanced microscopy as pre- 
viouslydescribed (Vale et al., 1985a; Schnapp, 1966). Beads exhibiting 
continuous movement over at least 3 pm were used for velocity mea- 
surements. Directionality of movement was scored by counting the 
number of beads moving at least 2 pm in the anterograde (minus to 
plus) or retrograde (plus to minus) direction. Beads that reversed direc- 
tions were counted in both categories. 

Microtubule movements on glass and in solution depended on using 
taxol-polymerized microtubules from squid optic lobe as previously de- 
scribed (Vale et al., 198513). 

Polyacrylamide Gel Electrophoresis and lmmunoblot Analysis 
Electrophoresis was performed in polyacrylamide gel (7.5%) under 
denaturing and reducing conditions according to the method of 
Laemmli (1970) and stained with Coomassie Blue. lmmunoblot analy 
sis was performed according to the procedure of Towbin et al. (1979). 

Acknowledgments 

Sea urchin kinesin was prepared by Drs. Jon Scholey, Mary Porter, and 
Richard McIntosh (University of Colorado, Boulder), and we are grate- 
ful to them for allowing us to test their protein in the bead motility assay. 
We are also grateful to Serena Spudich and Mark Nevins for their help 
in velocity measurements and appreciate the assistance of John Mur- 
phy in the preparation of the figures. We also would like to thank Dr. 
Richard Smith for his helpful discussions. This work was supported 
in part by grants from Hoechst-Roussell Pharmaceutical and NIH 
GM33351 (to M. F! S.). M. P S. is an Established Investigator of the 
American Heart Association. 

The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

Received September 4, 1985; revised October 2, 1985 

References 

Allen, R. D., Metuzals, J., Tasaki, I., Brady, S. T., and Gilbert, S. P 
(1982). Fast axonal transport in squid giant axon. Science 218, 
1127-1126. 

Allen, R. D., Weiss, D. G., Hayden, J. H., Brown, D. 1, Fujiwake, H., 
and Simpson, M. (1985). Gliding movement of and bidirectional or- 
ganelle transport along single native microtubules from squid axo- 
plasm: evidence for an active role of microtubules in cytoplasmic trans- 
port. J. Cell Biol. 700, 1736-1752. 

Asai, D. J., and Wilson, L. (1985). A latent activity dynein-like cytoplas- 
mic magnesium adenosine triphosphatase. J. Biol. Chem. 260, 899- 
702. 

Bajer, A. (1982). Functional anatomy of monopolar spindles and evi- 
dence for oscillatory chromosome movements in mitosis. J. Cell Biol. 
93, 33-48. 

Bergen, L. G., Kuriyama, R., and Borisy, G. G. (1960). Polarity of 
microtubules nucleated by centrosomes and chromosomes o, CHC 
cells in vitro. J. Cell Biol. 84, 151159. 

Bisby, M. A., and Bulgar, V. T. (1977). Reversal of axonal transport at 
a nerve crush. J. Neurochem. 29, 313-320. 

Brady, S. T, Lasek, R. J., and Allen, R. D. (1982). Fast axonal transport 
in extruded axoplasm from squid giant axon. Science 278, 1129-1131. 

Burton, R. R., and Paige, J. L. (1981). Polarity of axoplasmic microtu- 
bules in the olfactory nerve of the frog. Proc. Natl. Acad. Sci. USA 78, 
3269-3273. 

Cosson, M. P, and Gibbons, I. R. (1978). Properties of sea urchin 
sperm flagella in which the bending waves have been preserved by 
pretreatment with mono- and bi-functional maleimide derivatives. J. 
Cell Biol. 79, 286a. 

Evans, L., Mitchison, T., and Kirschner, M. (1985). Influence of the cen- 

trosome on the structure of nucleated microtubules. J. Cell Biol. 700, 
1185-1191. 

Gibbons, I. R. (1981). Cilia and flagella of eukaryotes. J. Cell Biol. 97, 
107-124. 

Gibbons, I. R., and Fronk, E. (1979). A latent adenosine triphosphatase 
form of dynein 1 from sea urchin sperm flagella. J. Biol. Chem. 254, 
187-196. 

Gibbons, I, R., Cosson, M. R., Evans, J. A., Gibbons, B. H., Houck, B., 
Martinson, K. H., Sale, W. S., and Tang, W.J. Y. (1978). Potent inhibi- 
tion of dynein adenosinetriphosphatase and of the motility of cilia and 
sperm flagella byvanadate. Proc. Natl. Acad. Sci. USA 75,2220-2224. 

Gilbert, S. P, Allen, R. D., and Sloboda, R. D. (1985). Translocation of 
vesicles from squid axoplasm on flagellar microtubules. Nature 375, 
245-248. 

Grafstein, B., and Forman, D. S. (1980). Intracellular transport in neu- 
rons Physiol. Rev. 60, 1167-1283. 

Hayden, J. H., Allen, R. D., and Goldman, R. D. (1983). Cytoplasmic 
transport in keratocytes: direct visualization of particle translocation 
along microtubules. Cell Motil. 3, l-19. 

Heidemann, S. R., Landers, J. M., and Hamborg, M. A. (1981). Polarity 
orientation of axonal microtubules. J. Cell Biol. 97, 881-665. 

Hisanga, S., and Sakai, H. (1983). Cytoplasmic dynein of the sea 
urchin egg. Il. Purification, characterization and interactions with 
microtubules and Ca-calmodulin. J. Biochem. 93, 87-98. 

Hollenbeck, F! J., Suprynowicz, F., and Cande, W. Z. (1984). Cytoplas- 
mic dynein-like ATPase cross-links microtubules in an ATP-sensitive 
manner. J. Cell Biol. 99, 1251-1258. 

Koonce, M. P, and Schliwa, M. (1985). Bidirectional organelle transport 
can occur in cell processes that contain single microtubules. J. Cell 
Biol. 700, 322-326. 

Laemmli, U. (1970). Cleavage of structural proteins during the assem- 
bly of the bacteriophage T4. Nature 227, 680-685. 

Lasek, R. J., and Brady, S. T. (1985). Attachment of transported vesi- 
cles to microtubules in axoplasm is facilitated by AMP-PNP. Nature 376, 
645-847. 

Mitchell, D. R., and Warner, F. D. (1981). Binding of dynein 21 S ATPase 
to microtubules. Effects of ionic conditions and substrate analogs. J. 
Biol. Chem. 256, 12535-12544. 

Mitchison, T., and Kirschner, M. (1984). Microtubule assembly nucle- 
ated by isolated centrosomes. Nature 372, 232-237. 

Mitchison, T, and Kirschner, M. (1985). Properties of the kinetochore 
in vitro. II. Microtubule capture and ATP-dependent translocation. J. 
Cell Biol. 707, 768-777. 

Mitchison, T, and Kirschner, M. (1986). Isolation of mammalian centro- 
somes. Meth. Enzym., in press. 

O’Brien, D. W., and Synder, R. E. (1962). Position-sensitive detector 
studies of the axonal transport of a pulse of radioisotope. J. Neurobiol. 
73, 435-445. 

Parham, P (1983). Monoclonal antibodies against HLA products and 
their use in immunopurification. Meth. Enzymol. 92, 110-138. 

Picket&Heaps, J. D., Tippet, D. H., and Porter, K. R. (1982). Rethinking 
mitosis. Cell 29, 729-744. 

Pratt, M. M. (1980). The identification of a dynein ATPase in unfertilized 
sea urchin eggs. Dev. Biol. 74, 364-378. 

Sale, W. S., and Satir, P (1977). The direction of active sliding of 
microtubule in Tetrahymena cilia. Proc. Natl. Acad. Sci. USA 74, 
2045-2049. 

Schliwa, M. (1984). Mechanisms of intracellular organelle transport. In 
Cell Muscle Motility, Vol. 5, J. W. Shaw, editor. (New York: Plenum Pub- 
lishing Co.), pp. 1-81. 

Schnapp, B. J. (1986). Visualization of microtubules using video- 
enhanced contrast microscopy. Meth. Enzymol., in press. 

Schnapp, B. J., Vale, R. D., Sheetz, M. P., and Reese, T. S. (1985). Sin- 
gle microtubules from squid axoplasm support bidirectional movement 
of organelles. 

Scholey, J. M., Neighbors, B., McIntosh, J. R., and Salmon, E. D. 
(1984). Isolation of microtubules and a dynein-like MgATPase from un- 



Cell 
632 

fertilized sea urchin eggs. J. Biol. Chem. 259, 65166525. 

Scholey, J. M., Porter, M. E., Grissom, P M., and McIntosh, J. R. (1985). 
Identification of kinesin in sea urchin eggs, and evidence for its local- 
ization in the mitotic spindle. Nature, in press. 

Sheetz, M. P., and Spudich, J. A. (1983). Movement of myosincoated 
structures on actin cables. Cell Motil. 3, 484-485. 

Shimizu, T., and Kimura, I. (1974). Effects of N-ethylmaleimide on 
dynein adenosine-triphosphatase activity and its recombining ability 
with outer fibers. J. Biochem. 76, 1001-1008. 

Smith, R. S. (1980). The short term accumulation of axonally trans- 
ported organelles in the region of localized lesions of single myelinated 
axons. J. Neurocytol. 9, 39-65. 

Towbin, H., Staehelin, T, and Gordon, J. (1979). Electrophoretic trans- 
fer of proteins from polyacrylamide gels to nitrocellulose sheets: proce- 
dure and some applications. Proc. Natl. Acad. Sci. USA 76, 4350- 
4354. 

Vale, R. D., Schnapp, B. J., Reese, T. S., and Sheetz, M. P (1985a). 
Movement of organelles along filaments dissociated from axoplasm of 
the squid giant axon. Cell 40, 449-454. 

Vale, R. D., Schnapp, B. J., Reese, T. S., and Sheetz, M. P (198513). Or- 
ganelle, bead and microtubule translocations promoted by soluble fac- 
tors from the squid giant axon. Cell 40, 559-569. 

Vale, R. D., Reese, T S., and Sheetz, M. P (1985c). Identification of a 
novel force generating protein (kinesin) involved in microtubule-based 
motility. Cell 47, 39-50. 


