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Summary 

A reconstituted system for examining directed organelle 
movements along purified microtubules has been de- 
veloped. Axoplasm from the squid giant axon was sepa- 
rated into soluble supernatant and organelle-enriched 
fractions. Movement of axoplasmic organelles along 
MAP-free microtubules occurred consistently only af- 
ter addition of axoplasmic supernatant and ATP. The 
velocity of such organelle movement (1.6 ,um/sec) was 
the same as in dissociated axoplasm. The axoplasmic 
supernatant also supported movement of microtubules 
along a glass surface and movement of carboxylated 
latex beads along microtubules at 0.5 rmlsec. The direc- 
tion of microtubule movement on glass was opposite 
to that of organelle and bead movement on microtu- 
bules. The factors supporting movements of microtu- 
bules, beads, and organelles were sensitive to heat, 
trypsin, AMP-PNP and 100 PM vanadate. All of these 
movements may be driven by a single, soluble ATPase 
that binds reversibly to organelles, beads, or glass and 
generates a translocating force on a microtubule. 

Introduction 

A variety of cells transport organelles through their cy- 
toplasm (Schliwa, 1984). This phenomenon is thought to 
be the basis of fast axonal transport in neurons (Smith, 
1980; Tsukita and Ishikawa, 1980) where organelles are 
transported great distances, over one meter in some 
animals, between the cell body and the nerve terminal 
(Grafstein and Forman, 1980). Fast axonal transport is 
directed towards, as well as away from, the nerve cell body 
at rates of up to 5 pmlsec in mammals (Lasek, 1968). The 
squid giant axon is a particularly useful preparation for 
studying organelle transport, because its large size en- 
ables axoplasm free of the cell membrane to be extruded 
in quantities sufficient for biochemical characterization 
(Morris and Lasek, 1984). Furthermore, even the smallest 
transported organelles in squid axons (Allen et al., 1982) 
or extruded axoplasm (Brady et al., 1982) can be visual- 
ized directly using video-enhanced differential interfer- 
ence contrast microscopy. 

Axoplasm consists of a dense and highly cross-linked 

network of cytoskeletal filaments (Ellisman and Porter, 
1980; Schnapp and Reese, 1982), making it difficult, in in- 
tact axons, to identify unambiguously the organelle trans- 
port machinery with morphological, biochemical, or phar- 
macological approaches. It was, therefore, a great step 
forward, when organelle movement along apparently sin- 
gle filaments was observed in the periphery of the axo- 
plasm extruded from the squid giant axon (Allen et al., 
1983). With buffer conditions that promote the dissocia- 
tion of filaments and organelles from extruded axoplasm, 
a reproducible preparation was obtained in which or- 
ganelle movement along single filaments continues for 
hours in the presence of ATP (Vale et al., 1985). Electron 
microscopy of transport filaments indicated that each is a 
single microtubule (Schnapp et al., 1985). This conclusion 
was confirmed by immunofluorescent labeling with antibod- 
ies to a-tubulin (Schnapp et al., 1985). Actin filaments are 
not associated with these microtubules, as determined by 
electron microscopy and fluorescence microscopy using 
rhodamine-conjugated phalloidin (Schnapp et al., 1984). 
Organelle movements in other types of cells also follow 
microtubule paths and depend upon microtubule integrity 
(Hayden et al., 1983; Schliwa, 1984). Thus, the move- 
ments observed in dissociated squid axoplasm appear to 
be an example of a ubiquitous type of organelle transport. 

Very little is known about the molecular “motor” that 
powers organelle transport. Because organelles of vari- 
ous types and sizes move at the same rate along isolated 
microtubules in dissociated axoplasm, all organelles may 
use the same type of motor (Vale et al., 1985). The directed 
movements of inert beads injected into cells (Beckerle, 
1984) and axons (Adams and Bray, 1983) may indicate that 
this motor is capable of binding to charged surfaces. 

Although dissociated axoplasm is less complex than 
the intact axon, its complexity still does not permit identifi- 
cation and characterization of the molecules responsible 
for organelle movement. In this paper, we describe a 
reconstituted system for examining organelle movements 
along purified microtubules. Organelle movement in this 
system depends on factors in a soluble fraction from axo- 
plasm. Surprisingly, this soluble fraction contains factors 
that promote ATP-dependent movements of purified micro- 
tubules along a glass substrate and of carboxylated latex 
beads along microtubules. These three reconstituted sys- 
tems provide assays for purification of the factors respon- 
sible for microtubule-based organelle translocation. 

Results 

Preparation of the Components of the 
Reconstituted Systems 
Squid Optic Lobe Microtubules 
Soluble tubulin in a high speed supernatant of squid optic 
lobe homogenate was polymerized into microtubules 
using taxol, an alkaloid that promotes microtubule assem- 
bly (Schiff et al., 1979; Vallee, 1982), and GTP Polyacryla- 
mide gel electrophoresis of the centrifuged microtubule 
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Figure 1. Negatively Stained Taxol-Polymerized Microtubules 

Microtubules were extracted with 1 M NaCl to remove microtubule-associated proteins (left). Polyacrylamide gel electrophoresis at right (7.5%; under 
denaturing and reducing conditions) of: purified tubulin from bovine brain (lane a); squid optic lobe microtubules after extraction with 1 M NaCl as 
illustrated in Figure 2 (lane b); squid optic lobe microtubules prior to 1 M NaCl extraction (lane c); and proteins released from microtubules with 
1 M NaCl extraction (lane d). Molecular weight standards in kilodaltons are indicated on left. Magnification: 110,000x. 

Figure 2. Higher Magnification View of a Microtubule 

Microtubules purified as in Figure 1 have a subunit structure consisting of protofilaments. Magnification: 700,000x. 

pellet revealed two prominent bands that comigrated with 
the a- and /&tubulin from calf brain (Figure 1). The /3-tubu- 
lin of squid optic lobe appeared to be composed of two 
subspecies with slightly different mobilities. In addition 
to tubulin, a protein with a molecular weight somewhat 
greater than 300,000 was also found in the microtubule 
pellets. This protein may be a microtubule-associated pro- 
tein (MAP) similar to those previously characterized in bo- 
vine brain (Vallee and Bloom, 1984). 

Microtubules free of high molecular weight MAPS were 
obtained by treatment of the taxol-assembled microtu- 
bules with 1 M NaCI. The salt-extracted microtubule pellet 
contained only tubulin as determined by polyacrylamide 
gel electrophoresis (Figure 1). Examination with the elec- 
tron microscope of negatively stained material from the 
salt-extracted pellet revealed microtubules (25 nm di- 
ameter) lacking lateral projections (Figures 1 and 2) and 

very few contaminating organelles. At higher magnifica- 
tion (Figure 2) the subunit structure characteristic of 
microtubule protofilaments was evident. When viewed by 
video microscopy, the salt-extracted (MAP-free) microtu- 
bules appeared longer, were less aggregated, and con- 
tained fewer associated organelles compared with the 
microtubules prior to salt extraction (see Figure 7). The 
MAP-free microtubules were used in most of the reconsti- 
tution experiments. 
Axoplasmic Organelle and Soluble Fractions 
Axoplasm from the squid giant axon was separated into 
soluble, organelle-enriched, and microtubule fractions. 
First, axoplasm was homogenized and a low speed super- 
natant (3) was prepared that contained microtubules and 
organelles, as determined by video microscopy. In the 
presence of ATP organelles moved along these axoplas- 
mic microtubules for hours. Taxol and GTP were then 
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Figure 3. Negatively Stained Organelle Fraction from the 15-35% Interface of a Sucrose Gradient Loaded with Sl Supernatant 

Membrane-limited vesicular organelles and neurofilaments are the major constituents of this fraction. Polyacrylamide gel electrophoresis (4-12% 
linear gradient; denaturing and reducing conditions) of whole axoplasm (lane a), organelle-enriched fraction (lane b), and S2 supernatant (lane c). 
Molecular weights in kilodaltons are indicated on the left. Magnification: 50,000x. 

added to the Sl supernatant to polymerize free tubulin ganelle fraction by neurofilaments (Gilbert and Sloboda, 
into microtubules, which would then be removed in a sub- 1984). The S2 supernatant contained a complex mixture 
sequent centrifugation. This step was included to avoid of polypeptides (Figure 3) but was free of organelles, 
combining axoplasmic with purified optic lobe microtu- microtubules, and smaller diameter filaments, as deter- 
bules when a high speed supernatant (S2, see below) was mined both by video and electron microscopy. Additional 
subsequently added to optic lobe microtubules. If microtu- treatment of the S2 supernatant or organelle fractions with 
bules from both sources were present, it would be difficult taXol,and GTP did not induce polymerization of tubulin into 
to determine which supported movement of organelles. microtubules. 

A three-step sucrose gradient was used to separate 
microtubules, organelles, and soluble components (S2 
supernatant). Microtubules, as well as smaller diameter 
filaments and some associated organelles, collected at 
the 35-80% interface, as determined by electron micros- 
copy. This microtubule fraction was discarded. An or- 
ganelle fraction retrieved from the 15-350/o sucrose inter- 
face contained vesicular membrane-limited particles with 
diameters between 0.05-0.5 pm, as seen after negative 
staining of this fraction (Figure 3). These appeared similar 
to organelles viewed in replicas of dissociated axoplasm 
(Schnapp et al., 1985). Results from polyacrylamide gel 
electrophoresis and electron microscopy indicated that 
this fraction was contaminated with neurofilaments but 
contained no microtubules (Figure 3). Another study in 
which vesicles were isolated from the axoplasm of the 
squid giant axon also reported contamination of the or- 

Movement of Axoplasmic Organelles along Purified 
Microtubules 
An aliquot of the organelle fraction was combined with 
MAP-free optic lobe microtubules and 2 mM ATP in the 
presence or absence of S2 supernatant; the numbers of 
organelles moving along microtubules was then deter- 
mined by video microscopy. Directed movements of or- 
ganelles along microtubules were rare in the absence of 
the S2 supernatant, and in some preparations, no move- 
ment along microtubules was observed. Organelles mov- 
ing a sufficient distance for their translocation to be mea- 
sured reliably had a mean velocity of 1.42 um/sec (n = 8). 
In the presence of S2 supernatant, the number of or- 
ganelles moving along microtubules markedly increased 
(Figures 4 and 5 show examples of such movement). All 
preparations and virtually all viewing fields displayed or- 
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Figure 4. Movements of Organelles and Carboxylated Beads in the 
Same Direction on a Single Microtubule 

A carboxylated latex bead (closed arrow) moves along a microtubule 
to an intersection (at 15 sets), switches to the other microtubule, and 
then moves diagonally to the upper right. An organelle (open arrow) 
moves along the microtubule in the same direction but faster than the 
bead. Microtubules were immobilized by treating the coverslip with 
poly-b-lysine. Focus level changed at 24 sets. Magnification: 10.000x. 

ganelle movement on microtubules. At any given time, the 
number of organelles moving in a 400 pm* field was 
generally between one and 10, if S2 supernatant was 
present. Optic lobe microtubules containing MAPS also 
supported these movements. 

Several observations suggest that organelle movement 
in this reconstituted system is fundamentally similar to or- 
ganelle movement on endogenous axoplasmic microtu- 
bules (Vale et al., 1985; Schnapp et al., 1985). Organelle 
translocation in dissociated axoplasm (Table 1) and on 

Figure 5. Movement of Organelles along Microtubules Is in a Direction 
Opposite to the Direction of Microtubule Movement on the Coverslip 

By 11.2 sets, a microtubule binds to the coverslip and moves from right 
to left (closed arrowheads indicate direction of movement; and also 
leading end at 11.2 set, and trailing end at 15.7 and 33.2 set). An or- 
ganelle (open arrow at 11:2 and 15:7 sets) binds to the microtubule and 
moves in the opposite direction, from left to right. An organelle (aster- 
isk) attached to the coverslip provides a stationary reference point. 
Magnification: 10,000x. 

in vitro polymerized microtubules (Table 1) were both 
blocked by 5’-adenylylimidodiphosphate (AMP-PNP 5 
mM), a nonhydrolyzable analog of ATP, even in the pres- 
ence of 1 mM ATP Furthermore, organelles moved along 
purified microtubules at a mean velocity of 1.63 pm/set, 
a rate similar to the rate of organelle movements along en- 
dogenous microtubules in dissociated axoplasm in the 
same buffer (mean velocity, 1.72 rmlsec; Figure 6). Or- 
ganelles varied in apparent diameter from 0.5 pm to 0.2 
pm (the resolution limit of the light microscope) and elon- 
gated organelles, presumed to be mitochondria, were also 
observed moving in the reconstituted preparations. The 
velocity of organelles along purified microtubules, like 
their velocities in dissociated axoplasm (Vale et al., 1985) 
was the same, regardless of their shape or size. 

Organelles in Brownian motion in the medium bound to 
purified microtubules, moved along them in a consistent 
direction, and then dissociated from them to resume 
Brownian motion. In some instances, binding and subse- 
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Table 1. inhibition of Organelle, Bead, and Microtubule Movements 

Microtubules Organelles on Beads on Dissociated 
Treatment on Glass Microtubules Microtubules Squid Axoplasm 

None +++ +++ +++ +++ 
AMP-PNP” 

(5 mW +/- 
Vanadate 

(20 uM) +++ +++ +++ +++ 
(100 uM) + + +/- + 

Trypsinizationt 
Supernatant N.D. 
Organelles +++ N.D. N.D. 

Heat (7OY$ 
Supernatant N.D. 
Organelles +++ N.D. N.D. 

Poly-o-Lysine 
Coverslip +I- +++ +++ N.D. 
Beads11 N.D. N.D. N.D. 

All other conditions are described in text. Amount of movement, independent of velocity, was assessed in several fields from at least three prepara- 
tions. Treatments where the amount of movement was the same as the movement without treatment were rated (+ + +); markedly less movement 
rated (+); movement lacking in some preparations rated (+ I -); no movement rated (-). 
+ ATP and GTP present in samples at final concentrations of 1 mM. 
T S2 supernatant or organelles treated with trypsin (0.5 mglml) for 20 min at 23%. Soybean trypsin inhibitor (7.5 mglml final concentration) applied 
for 15 min at 4°C to stop the proteolytic digestion. 
* Organelles or S2 supernatant heated at 70% for 5 min, then cooled at 4% for 5 min. Precipitates pelleted at 10,000 x g for 5 min at 4%. 
5 Coverslips (22 x 22 or 40 mm) incubated in poly-p-lysine (100 pglml or 1 mglml) overnight at 4%, washed 4 times with 50 ml water, and air dried. 
11 Carboxylated beads (lOO-fold dilution) incubated with 200 rglml poly-o-lysine for 1 hr at 23‘C, pelleted at 10,000 x g (10 min), and washed 5 
times with 1.5 ml water. Beads resuspended in their original volume of motility buffer, and 2 PI of beads incubated with 10 II of 52 supernatant 
for 10 min at 4%. 
N.D. Not determined. 

Figure 6. Frequency Histogram of the Velocities of Organelles, 
Microtubules, and Carboxylated Latex Beads in the Presence of ATP 
and 52 Supernatant 

Velocities of isolated axoplasmic organelles on purified squid optic 
lobe microtubules (A) obtained from 6 preparations (n = 96 measure- 
ments; mean velocity = 1.63 pmlsec; SD = 0.26 rm/sec). Velocities 
of organelles along microtubules in dissociated axoplasm (B) obtained 
from 3 preparations (n = 50 measurements; mean velocity = 1.72 
rm/sec; SD = 0.27 pmlsec). Velocities of purified microtubules along 
glass coverslips (C) obtained from 10 preparations (n = 94 measure- 
ments; mean velocity = 0.44 pmlsec; SD = 0.07 rmlsec). Velocities 
of carboxylated latex beads along purified microtubules (D) obtained 
from 6 preparations (n = 84 measurements; mean velocity = 0.52 
pm/set; SD = 0.06 rm/sec; microtubules immobilized by coating 
coverslips with poly-o-lysine). 

quent dissociation occurred without intervening directed 
movement. When moving organelles reached a microtu- 
bule crossing, some would switch to the other filament 
and resume movement. These features of organelle 

movement on purified microtubules are the same as those 
that characterized organelle movement on native microtu- 
bules in dissociated axoplasm (Vale et al., 1985). 

Vanadate, an inhibitor of ciliary dynein (Gibbons et al., 
1978) as well as other ATPases (Simons, 1979) has been 
reported to inhibit organelle movement in permeabilized 
lobster giant axons (Forman et al., 1983). At lOOpM, vana- 
date inhibited organelle movements in the reconstituted 
preparations as well as in dissociated axoplasm from the 
squid giant axon (Table 1). At 20 FM, vanadate inhibition 
of organelle movement in both systems was negligible. 
Movement of organelles was blocked by trypsin or heat 
treatment of either the organelles or the supernatant (Ta- 
ble 1). This finding suggests that proteins on the organelle 
surface, as well as in the S2 soluble fraction, are involved 
in organelle transport. 

Not all organelles moved along purified microtubules. 
Organelles copurifying with optic lobe microtubules did 
not move in the presence of ATP and S2 supernatant even 
though some adhered to the microtubules. Furthermore, 
associations and dissociations of these organelles were 
rarely observed. 

Directed Movement of Microtubules on a Glass 
Substrate 
When organelles and supernatant were added to purified 
microtubules, not only did the organelles move along the 
microtubules, but the microtubules themselves made 
directed movements. These movements were particularly 
obvious in regions where ten or fewer microtubules were 
present in a viewing area of 400 pm*. Many of the microtu- 
bules in such regions were attached along their entire 
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Figure 7. Movement of Purified Microtubules along Glass in the Presence of S2 Supernatant 

Elapsed times are indicated at upper right as seconds:tenths of seconds. Three microtubules (b, c, d indicate their trailing ends) move diagonally 
from the lower left to the upper right, while another microtubule (a indicates its trailing end) moves horizontally from left to right and is seen at all 
six times, In the sequence at the right, this microtubule (a) moves horizontally across the viewing field, as if following a path on the glass. An organelle 
(asterisk) attached to the coverslip provides a stationary reference point. Magnification: 12,000x. 

length to the glass coverslip and moved along the surface 
of the coverslip in the direction of their long axis (Figure 
7). This microtubule movement depended on the pres- 
ence of the S2 supernatant and could occur in the ab- 
sence of organelles. When incubated in motility buffer 
containing taxol, GTP and 2 mM ATP, but no S2 superna- 
tant, microtubules, with or without MAPS, exhibited only 
random side-to-side Brownian motion. Comparatively 
fewer microtubules were attached to the glass coverslip 

under these conditions. Addition of the vesicle fraction to 
the microtubules, in the absence of S2 supernatant, did 
not support microtubule translocation. Thus, a factor in 
the S2 supernatant, rather than the organelles, must pro- 
mote microtubule translocation. 

Microtubule translocation on the glass substrate is ATP- 
dependent since it was blocked by AMP-PNP (Table 1) or 
by dialyzing the supernatant in ATP-free motility buffer. 
Microtubule translocation, like organelle movement, was 
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substantially inhibited by 100 PM, but not by 20 PM, vana- 
date, and was unaffected by the presence of MAPS. Tryp- 
sinization or heat treatment of the S2 supernatant also 
blocked microtubule translocation (Table 1). Since dia- 
lyzed S2 supernatant still supported microtubule translo- 
cation, the active factors must have molecular weights 
greater than 3500. 

The mean velocity of microtubule translocation was 
0.44 pmlsec, one-fourth the velocity of organelle translo- 
cation along purified microtubules (Figure 6). The orienta- 
tion of microtubules movement on the glass coverslip 
was random. Individual microtubules, however, often 
moved for 20 pm, or more, in one direction (Figure 7). Or- 
ganelles that were rigidly attached to microtubules did not 
change their position relative to the ends of the microtu- 
bules as they moved over the glass, so treadmilling of 
microtubules (Margolis and Wilson, 1976) is unlikely to ac- 
count for the movement. Microtubules that were moving 
often assumed circular or curved forms (Figure 7), which 
contrasts with the rigid, straight appearance of microtu- 
bules in the absence of S2 supernatant (Figure 1). When 
a microtubule assumed an S shape, the end of the 
microtubule translocated through the S-configuration as if 
there were a defined path on the glass surface (Figure 7). 
Microtubules free in the medium above the surface of the 
coverslip also moved relative to other microtubules. Or- 
ganelles in the microtubule preparation that were at- 
tached to the glass coverslip did not move, even in the 
presence of ATP and the S2 supernatant (Figure 7). 

To test whether microtubule translocation depends 
upon a factor in the S2 supernatant that adheres to the 
coverslip, 5 ~1 of S2 supernatant was applied as a drop to 
the coverslip for 10 min, and then the coverslip was 
washed twice with 0.5 ml of motility buffer, providing a dilu- 
tion of the S2 supernatant that was inadequate to support 
microtubule translocation. The drop was then blotted to a 
volume of approximately 20 ~1, and 3 PI of the microtubule 
mixture was added above the region where the S2 super- 
natant had originally been placed. Microtubules bound to 
and moved along the glass only in the region in which the 
S2 supernatant had been applied. 

To test whether the association of the factors responsi- 
ble for microtubule translocation along the glass coverslip 
depends on the nature of the surface charge of the glass, 
coverslips were first treated with poly-o-lysine. Microtu- 
bules did not move on poly-D-lysine coated coverslips in 
the presence of S2 supernatant, although many microtu- 
bules were attached to the glass surface (Table 1). Treat- 
ment of coverslips with bovine serum albumin (BSA, 1 mgl 
ml solution), however, did not substantially affect microtu- 
bule translocation or attachment. Organelle movement on 
microtubules was not impaired by poly-D-lysine (Table 1) 
or by BSA coating of the coverslips. 

Movement of Carboxylated Latex Beads along 
Microtubules 
Since the factor (or factors) that promotes microtubule 
translocation evidently binds to a charged glass surface, 
we examined whether carboxylated latex beads would 
likewise bind the factor and move along the surface of 

microtubules. When carboxylated latex beads (0.15rm di- 
ameter) were incubated with S2 supernatant and then 
mixed with ATP and purified microtubules on a glass cov- 
erslip, directed bead movements were infrequently ob- 
served. However, when coverslips were pretreated with 
poly-o-lysine (to prevent microtubule movement), S2 su- 
pernatant treated beads were frequently seen to move 
along the stationary microtubules (Figure 4). Since the la- 
tex beads move at the same velocity, but in a direction op- 
posite to the microtubules (presented later on in the 
results), bead movement on microtubules is difficult to de- 
tect when both are moving. 

The motility factor (or factors) in the S2 supernatant is 
apparently bound to the surface of the beads. Beads that 
were treated with 20 ~1 of supernatant S2, centrifuged 
(40,000 x g; 30 min), washed with 400 ~1 of motility buffer 
and recentrifuged (40,000 x g; 15 min), moved along 
microtubules in the absence of additional S2 supernatant, 
although the frequency of bead movements was some- 
what diminished after washing. Furthermore, precoating 
the beads with poly-o-lysine blocked their translocation 
along microtubules in the presence of the S2 supernatant 
and ATP (Table 1). 

Like the movements of organelles on microtubules and 
of microtubules on glass, movement of carboxylated 
beads incubated with S2 supernatant was blocked by 
AMP-PNP (5 mM), vanadate at 100 PM, or by trypsinizing 
or heat treating the S2 supernatant (Table 1). Vanadate at 
20 PM had little effect on bead movement. 

The S2-treated beads bound to, and dissociated from, 
microtubules and were capable of switching microtubules 
when they arrived at an intersection where two microtu- 
bules crossed (Figure 4). The mean velocity of bead 
movement (0.52 pmlsec) was approximately one-third the 
velocity of organelle movement along microtubules and 
was almost the same as the velocity of microtubule move- 
ment along the glass surface (Figure 6). When organelles 
and beads treated with S2 supernatant were coincubated 
with microtubules on poly-o-lysine coated coverslips, the 
velocities of organelle and bead movement were still 
distinct. 

Direction of Translocation of Organelles and Beads 
Although organelle movements occur in both directions 
along single microtubules in dissociated axoplasm 
(Schnapp et al., 1965), organelles moved in only one 
direction on single, purified microtubules. Of 84 microtu- 
bules that supported movement of 2 to 10 organelles, a 
single direction of movement was observed with only 
three exceptions. In one of the exceptions, two mitochon- 
dria moved in opposite directions on the same, apparently 
single filament, and in the other two exceptions, an or- 
ganelle moved in a direction opposite to that of other or- 
ganelles and beads. Because of the limited resolution of 
the light microscope (0.2 pm), images generated from ob- 
jects smaller than 0.2 pm appear to be the same size 
(Schnapp et al., 1985) so it cannot be ruled out that an 
apparently single filament consists of one or more 
microtubules. 

When organelles moved on a microtubule, which itself 
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was moving across the coverglass, the direction of or- 
ganelle movement in 76 examples was opposite to that of 
the microtubule (Figure 5). Beads treated with S2 super- 
natant moved in the same direction along each microtu- 
bule (100 filaments supporting movement of between 2-10 
beads were examined). When combined in the same 
preparation, beads and organelles typically moved in the 
same direction along apparently single microtubules (n = 
57 microtubules; Figure 4). In two instances, however, an 
organelle moved in a direction opposite to that of beads 
and other organelles. Since beads and organelles moved 
in the same direction, it is likely that bead translocation oc- 
curs in a direction opposite to the translocations of 
microtubules on the glass coverslip. This was difficult to 
determine directly because, to observe bead movements, 
coverslips were coated with poly-b-lysine, which inhibited 
microtubule translocation. 

Organelles in dissociated axoplasm pass one another 
on single microtubules without apparent collisions 
(Schnapp et al., 1965). Similarly, two organelles, two 
beads, or a bead and an organelle often passed one an- 
other when moving at different velocities on an apparently 
single, purified microtubule. Displacements or collisions 
at passing points appeared to be more common between 
beads than between organelles. 

Discussion 

Organelle Translocation on Purified Microtubules 
A soluble fraction from squid axoplasm promotes ATP- 
dependent movement of isolated organelles along puri- 
fied microtubules. The velocity of the organelle translo- 
cation in this reconstituted system is similar to that of 
organelle translocation along microtubules in dissociated 
axoplasm (Vale et al., 1965) or to that of the movement of 
the smallest organelles in the intact axon (Allen et al., 
1962) and extruded axoplasm (Vale et al., 1985). In all 
three systems, organelle translocation is inhibited by 
AMP-PNP (Lasek and Brady, 1984) and 100 PM vanadate 
(Forman et al., 1983). Organelle translocation in the 
reconstituted system, with the exception of its directional- 
ity, as discussed later, is indistinguishable from transloca- 
tion in the intact or dissociated axoplasm (Brady et al., 
1982; Vale et al., 1985). Thus, organelle transport in the 
intact axon and in the reconstituted system appear to have 
a fundamentally similar basis. These results further sup- 
port the conclusion that single microtubules are a suffi- 
cient substrate for organelle translocation (Schnapp et al., 
1965). 

The soluble component promoting organelle movement 
along microtubules appears to be a protein because this 
movement is inhibited by trypsinization or heat denatura- 
tion of the axoplasmic supernatant. Although we lack di- 
rect evidence that this protein, by itself, moves organelles, 
the fact that it strongly promotes organelle translocation 
prompts us to refer to it as the organelle translocator. 

The organelle translocator appears to interact with a 
protein on the organelle surface, because trypsin treat- 
ment of organelles inhibits their ability to be transported, 
even in the presence of active supernatant. Similarly, tryp- 

sin treatment of isolated squid axoplasmic organelles pre- 
vents them from moving when they are injected into squid 
axoplasm (Gilbert and Sloboda, 1984). If the translocator 
interacts with an organelle protein, some translocator may 
cosediment with organelles in a sucrose gradient, thereby 
explaining the organelle movement we have occasionally 
observed in the absence of 52 supernatant. We propose 
here a simple, testable scheme to explain how an or- 
ganelle translocator could generate organelle movement 
(Figure 8). Other schemes are also possible; for instance, 
the S2 supernatant could contain an activator of a motor 
in the organelle membrane. 

Movement of Microtubules and Carboxylated Beads 
The soluble fraction from axoplasm also promotes move- 
ments of purified microtubules on glass, movements of 
microtubules relative to microtubules in solution, and 
movements of carboxylated beads on microtubules. Tryp- 
sin or heat treatment of the supernatant blocks these 
movements, indicating that a protein is involved. We sug- 
gest that the same protein, or proteins, the microtubule 
translocator, is responsible for both microtubule and bead 
translocation because; the movements of beads and 
microtubules have similar velocities and vanadate sensi- 
tivities; both movements occur on anionic surfaces and 
are inhibited by polylysine coating; and the direction of 
movement of bead or glass surfaces relative to the 
microtubule is the same (Figure 8). Presumably, the 
microtubule translocator moves microtubules and beads 
by mechanochemical coupling of ATP hydrolysis in a 
manner analogous to myosin (Adelstein and Eisenberg, 
1980) or dynein (Gibbons, 1981) as depicted in Figure 8. 

The movement of microtubules relative to microtubules 
suggests that either the factor can specifically bind to two 
microtubules simultaneously or can be nonspecifically 
linked to one microtubule while moving another. Native 
axoplasmic microtubules move in dissociated prepara- 
tions of extruded axoplasm from the squid giant axon (Al- 
len et al., 1983; Allen, Ft. D., Weiss, D. G., Hayden, J. H., 
Brown, D. T., Fujiwake, H., and Simpson, M., manuscript 
submitted); presumably, this is responsible for the separa- 
tion of microtubules from the bulk axoplasm in our dis- 
sociated preparations (Vale et al., 1985). These microtu- 
bule movements could be generated by the same factors 
examined in this paper. A phenomenon that might also be 
related to the movement activity we observe is the con- 
traction of warm-cold cycled bovine microtubules in the 
presence of ATP (Weisenberg and Ciani, 1984). 

Movement of charged beads has been observed, fol- 
lowing their microinjection into crab axons (Adams and 
Bray, 1983) and cultured cells (Beckerle, 1984). In these 
studies, bead movements were indistinguishable from 
those of endogenous organelles, and these movements 
required a negative charge on the bead surface. In both 
studies, two explanations were proposed to account for 
the bead movements: an endogenous translocating pro- 
tein bound to the bead surface and caused it to move; or, 
the beads were being carried by moving organelles. We 
favor the former explanation, and consider it likely that the 
translocator that moves beads along microtubules in the 
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BEAD VESICLE 

Figure 8. Hypothetical Scheme Showing How Proteins in the S2 Su- 
pernatant Support Translocation of Organelles. Carboxylated Beads, 
and Microtubules 

A soluble protein, or proteins, the translocator, binds to and moves 
microtubules along a glass surface by a mechanical event coupled to 
ATP hydrolysis. The same translocator also moves carboxylated beads 
at the same rate along microtubules. Although translocators are 
presumably oriented randomly on the glass and bead surfaces, only 
those with the proper orientation relative to the microtubule would 
generate force. The same, related, or different translocators (black in- 
stead of stippled) interact with proteins on the surfaces of organelles 
to promote their movement along microtubules at 3-4 times the rate 
of bead movement. The direction of organelle and bead movement 
along microtubules is opposite to the direction of microtubule move- 
ment on glass, as indicated by arrows. 

reconstituted system is the same as, or similar to, the one 
that moves negatively charged beads through the cyto- 
plasm of intact cells. 

Directionality of Movements 
Microtubules in the presence of the translocator move in 
a single direction along glass, often over many microme- 
ters. Since the translocator molecules are presumably at- 
tached in random orientations on the glass surface, we 
suggest that only those molecules in the proper orienta- 
tion with respect to the microtubule would generate a 
force. This argument can also be applied to the movement 
of carboxylated latex beads on microtubules, and has 
been previously used to explain the in vitro movement of 
myosin-coated beads along actin cables from the alga 
Nitella (Sheetz and Spudich, 1983). 

Qne of the intriguing questions posed by the present 
study is the relationship of organelle movement in the 
reconstituted system to anterograde and retrograde or- 
ganelle transport in the intact axon. Movement of or- 
ganelles in axons is bidirectional (Grafstein and Forman, 
1980; Allen et al., 1982) although microtubules in axons 
are oriented with a single polarity (Burton and Paige, 1981; 
Heidemann et al., 1981). Furthermore, single microtu- 
bules in dissociated preparations of axoplasm support 
bidirectional movements of organelles (Schnapp et al., 
1985). In contrast, movement of organelles and beads 
along purified optic lobe microtubules is predominantly 
unidirectional. Also, carboxylated beads microinjected 
into crab axons move only in the anterograde direction 
(Adams and Bray, 1983). If, indeed, the movement of car- 
boxylated beads in the reconstituted system depends on 
the same mechanism as the bead movements in the crab 
axon, then the direction of bead movements along purified 
microtubules would correspond to the anterograde direc- 

tion in the intact axon. Since organelles move in the same 
direction as the beads, their movement in the recon- 
stituted system would also correspond to anterograde or- 
ganelle movement in axons. 

Comparison of Microtubule and Bead Movement 
with Organelle Movement 
Our evidence indicates, but does not prove, that the 
microtubule and bead translocator could be the same pro- 
tein, or proteins, as the organelle translocator. Clearly, 
microtubules, beads, and organelles use microtubules as 
tracks for movement. The translocation of beads, al- 
though slower, is qualitatively similar to organelle translo- 
cation in dissociated axoplasm (Vale et al., 1985) or along 
purified microtubules. All three movements are inhibited 
by AMP-PNP and vanadate at similar concentrations, 
which is indicative of the involvement of the same ATPase. 
If these movements depend on a single translocator with 
one direction of movement relative to the microtubule, the 
direction of organelle movement on the microtubule 
should be opposite to that of the microtubule movement 
on glass, but the same as the direction of bead movement. 
The direction of movements of microtubule, bead, and or- 
ganelle is therefore consistent with the existence of a sin- 
gle translocator (Figure 8). 

An important difference between organelle transloca- 
tion, and that of microtubules and beads, is that the latter 
two movements are 3 to 4-fold slower. Although this differ- 
ence in velocity could be taken to indicate that these 
movements are not powered by a common translocator, 
other explanations are conceivable. Clarification of the 
relationship between the organelle and microtubule trans- 
locators awaits purification of the translocator proteins. 

The only characterized protein which exerts ATP- 
dependent force generation upon microtubules is dynein, 
which is responsible for the beating of cilia and flagella 
(Gibbons, 1981). A dynein-like protein has been identified 
in the cytoplasm of sea urchin eggs (Pratt, 1980; Hisanga 
and Sakai, 1983; Scholey et al., 1984; Piperno, 1984). Like 
the microtubule translocator, this “cytoplasmic dynein:’ ex- 
ists primarily in a soluble form, although it can associate 
with microtubules (Scholey et al., 1984). Whether the 
translocator described here is related to cytoplasmic 
dynein, or belongs to a different class of proteins, is 
unclear. 

The reconstituted systems described here should pro- 
vide assays to identify the proteins involved in organelle 
transport. The assays for factors promoting microtubule, 
bead, or organelle movement are rapid, and require very 
small amounts of protein. With these assays, it should be 
feasible to purify the soluble proteins, derived from axo- 
plasm, that promote movements of microtubules and or- 
ganelles in vitro. 

Experimental Procedures 

Materials 
Squid, Loligo pealeii, were obtained from the Marine Resources 
Department at the Marine Biological Laboratory at Woods Hole, MA. 
Carboxylated latex beads (0.15 pm diameter; 2.5% solid/solution) were 
obtained from Polysciences, Inc. (Warrington, PA). Taxol was obtained 
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by courtesy of Matthew Suffness from the National Cancer Institute. 
Enzymes and other reagents listed below were obtained from Sigma 
Chemical Co. (St. Louis, MO). 

Video Mlcroscopy 
Microtubules and axoplasmic organelles were visualized using a Zeiss 
ICM inverted microscope set up for differential interference contrast. 
The image was projected out of the side port of the microscope with 
a 25x corrected eyepiece and focused onto a Newvicon target of a 
video camera (series 67 Dage-MTI, Michigan City, IN) with a 83 mm 
Zeiss Luminar lens as the camera objective. Video gain was increased 
by adjusting the intensity of illumination and by increasing the electronic 
gain of the camera amplifier. Contrast was further enhanced with a dig- 
ital video processor (Interactive Video Systems, Boston, MA). An out- 
of-focus background image was stored and subtracted from in-focus 
images to eliminate a mottle pattern from the camera output. Photo- 
graphs were made off a video monitor with a Polaroid camera. Details 
of the procedures for video microscopy are described elsewhere 
(Vale et al., 1985). 

Preparations of Dissociated Axoplasm 
Details of the preparation of dissociated axoplasm are fully de- 
scribed elsewhere (Vale et al., 1985). In brief, the giant axon was dis- 
sected from the squid, in running sea water, and further cleaned in 
Ca2’-free sea water. Axons (1-5 cm) were routinely stored in liquid nitro- 
gen and were thawed to make dissociated preparations. Axoplasm was 
extruded onto a glass coverslip (#O, Clay Adams, Parisippany, NJ), and 
20 ~1 of motility buffer (175 mM asparate [K’ salt], 65 mM taurine, 85 
mM betaine, 25 mM glycine, 10 mM Hepes, 6.4 mM MgCI,, 5 mM EmA, 
1.5 mM CaCI,, 0.5 mM glucose, 2 mM ATP pH 7.2 [CaCI, and glucose 
could be omitted without changing the results]) was added. A glass 
coverslip (22 x 22 mm; same type as above) was placed on top with 
spacers on the corners, and light pressure was applied over the axo- 
plasm. For pharmacological experiments, the axoplasm was cut in half 
with a razor blade, the halves were separated with a grease seal, and 
the pharmacological agent was applied to one side and motility buffer 
to the control side. 

Preparation of Squid Optic Lobe Microtubules 
Microtubules were prepared essentially as described by Vallee (1982). 
Optic lobes were dissected from 8-10 freshly sacrificed squid and 
placed in 10 ml of 0.1 M Pipes, pH 6.6, 5 mM EGTA, 1 mM MgSO,, 1 
mM phenylmethylsulphonylfluoride, 100 pg soybean trypsin inhibitor, 
10 pg/ml leupeptin, and 1 mM dithiothreitol (PEM buffer). The optic 
lobes were placed into 2 volumes (wet tissue) of fresh PEM buffer and 
homogenized with 30-40 strokes in a 25 ml glass Dounce homoge- 
nizer. The remainder of the procedure was conducted in plastic tubes. 
The homogenate was centrifuged at 30,000 x g for 30 min at 4OC using 
an SS-34 rotor. The supernatant was collected and centrifuged at 
140,000 x g for 90 min at 4OC using a Type 50.1 or Type 70.1 rotor. The 
supernatant was collected, its volume was measured, and taxol and 
GTP were added to final concentrations of 20 PM and 1 mM, respec- 
tively. After incubating for 20 min at 23°C the extract was centrifuged 
through a 2 ml cushion of 15% sucrose in PEM buffer, containing 20 
FM taxol and 1 mM GTP at 27,000 x g for 1 hr in an HB-40 rotor at 
4“C. The pellet was washed gently with 1 ml of PEM buffer with 20 PM 
taxol and 1 mM GTP and then was resuspended in one-third of the 
original volume of the supernatant to which taxol and GTP were first 
added. To remove microtubule-associated proteins, 1 ml of the taxol 
pellet was incubated with 0.5 ml of 3 M NaCl in PEM buffer containing 
20 PM taxol and 1 mM GTP and was incubated for 15 min at 23OC after 
gentle resuspension. Salt-extracted microtubules were then pelleted at 
35,000 x g for 30 min at 4OC. The microtubule pellet was washed 
gently with 1 ml of PEM buffer containing 20 FM taxol and 1 mM GTP 
and was then resuspended in 1 ml of the same buffer. Purified microtu- 
bules could be stored in liquid nitrogen without loss of activity in the 
motility assays. 

Preparation of Vesicles and Supernatant from Axoplasm 
With the exception of the initial extrusion of axoplasm, which was per- 
formed on a glass coverslip, all remaining steps employed plastic 
tubes. Axoplasm from 6-8 axons was placed in 50 pl of motility buffer 
(4°C) containing 1 mM PMSF, 10 ,ug/ml leupeptin, 10 MS/ml No-p-tosyl- 

L-arginine methyl ketone (TAME) or 100 Kg/ml soybean trypsin inhibi- 
tor, and 0.5 mM dithiothreitol (homogenization buffer). Homogenization 
was achieved by triturating the mixture 50-70 times with a 200 PI pi- 
pette. The homogenate was then centrifuged at 10,000 x g for 4 min 
at 4OC using a microfuge, and the supernatant was carefully collected. 
The pellet was resuspended in 60~1 of homogenization buffer and was 
homogenized and centrifuged as before. Both supernatants were com- 
bined (Sl supernatant). This procedure separated the bulk axoplasm 
from dispersed filaments and organelles in solution. 

The Sl supernatant was treated with 20 MM taxol and 1 mM GTP for 
20-25 min at 23OC to polymerize monomeric tubulin into microtubules. 
The supernatant (100 ~1) was then applied to a sucrose gradient in 5 
x 41 mm Ultra-Clear centrifuge tubes (Beckman Inst., Palo Alto, CA) 

containing 200 ~1 of 15% sucrose, 200 ~135% sucrose, and 100 pl80% 
sucrose (wt/vol in motility buffer plus 20 PM taxol and 1 mM GTP). The 
gradients were centrifuged at 150,000 x g for 60 min at 4OC using an 
SW 50.1 swinging bucket rotor. The top 50 ~1 of the supernatant (S2 su- 
pernatant) was collected with a 200 yl pipette and kept on ice. The vesi- 
cle fraction at the 35% interface was collected in approximately 25 ~1 
of buffer by puncturing the tube from the side, withdrawing the fraction 
into a Hamilton syringe, and storing it on ice. The microtubule fraction 
at the 80% interface was discarded. 

Standard Assays for Organelle, Bead, and 
Microtubule Movement 
One microliter of squid optic lobe microtubules (unless otherwise 
specified, from a 500 pg/ml stock solution of the 1 M NaCl extracted, 
MAP-free, microtubules) was applied to a 20 x 60 mm glass coverslip 
(#O, Clay Adams, Parisippany, NJ) to which 3 ~1 of the S2 supernatant 
was then added. If microtubule movement was being tested, a 20 x 
20 mm glass coverslip (same type as above), with spacers at the 
corners, was applied over the sample, and microtubule translocation 
was evaluated with the video microscope. Velocities of microtubule 
movement on the glass coverslip were measured over distances of at 
least 3 pm. To test the effect of an inhibitor, 1 ~1 of a 5-fold concentrated 
solution of the inhibitor in motility buffer was added to the preparation. 

For assaying organelle motility, 4 ,uI of the organelle fraction was 
added to 1 PI of microtubules plus or minus 3~1 of the S2 supernatant. 
Velocities of organelle movement along microtubules were measured 
over distances of 2.5-7 pm. To test the effect of an inhibitor, 2 yl of a 
5-fold concentrated solution of the agent in motility buffer was added 
to the organelle-supernatant mixture. 

For examining movement of carboxylated latex beads, glass cover- 
slips were treated overnight with a 200 rglml solution of poly-b-lysine. 
and then each was washed 4 times with 50 ml of distilled water. Beads 
(2.5% solid solution) were diluted 300-fold in motility buffer, and the 
diluted beads (1 part) were then mixed with S2 supernatant (4 parts) 
and incubated for 5 min on ice. Microtubules (1 ~1) and S2 supernatant- 
treated beads (3 ~1) were combined and mounted between two poly-D- 
lysine coated coverslips. For pharmacological studies, 1 ~1 of a 5-fold 
concentrated stock of the inhibitor was also added. In some experi- 
ments, 3 ~1 of organelles were also added along with the beads. 

Polyacrylamide Gel Electrophoresis 
Electrophoresis was performed in polyacrylamide gels under denatur- 
ing and reducing conditions according to the method of Laemmli 
(1970). Proteins were visualized with Coomassie blue staining. 

Electron Microscopy 
One drop of the microtubule, supernatant, or organelle fraction was ap- 
plied for 30 set to a glow-discharged, 400 mesh grid coated with car- 
bon and formvar. The grid was then washed with several drops of motil- 
ity buffer, placed on top of a drop of 1% uranyl acetate for 30 set, and 
then dried with filter paper. Specimens were examined in a JEOL 200- 
CX electron microscope. 
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