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Our understanding of the mechanisms that cells use to translocate vesicular cytoplas- 
mic organelles has been dramatically extended during the past few years as a result of 
work from several laboratories. It had long been suspected that microtubules have a 
role in this process (for a review see reference l) ,  but only in the past two years has it 
been demonstrated that single microtubules directly interact with vesicular organelles 
to generate movement." Indeed the molecular components of this interaction are  
beginning to emerge.5 

In this report we will focus on the results of our work on axoplasm extruded from a 
giant axon from the nervous system of the squid. Our aims are to review the evidence 
that bidirectional transport of organelles results from a direct interaction between 
organelles and single microtubules and to report on our first attempts a t  defining the 
molecular components that mediate this interaction. 

MICROTUBULES AS THE SUBSTRATE FOR ORGANELLE MOVEMENT 

The advances made in understanding organelle transport a t  a molecular level are a 
consequence of two recent innovations that came together a t  the Marine Biological 
Laboratory in the summer of 1981. On the one hand, the application of video 
processing to light m i c r o ~ c o p y ~ * ~  enabled structures ten or more times smaller than the 
resolution limit (about 200 nm) of light optics to be detected. At the same time, it was 
appreciated that the largest giant axon in the squid, which was originally recognized 
for its utility in studying the electrical properties of excitable membranes, is also useful 
in the investigation of cytoplasmic structure.8 Examination in the video microscope of 
axoplasm extruded from the giant axon revealed anterograde as well as retrograde 
organelle movement lasting for many hours? Organelle movement continued in the 
presence of an adenosine triphosphate (ATP)-containing buffer, and under these 
conditions single filaments with associated moving organelles would sometimes 
separate from the edges of the extruded cytoplasm." 

We experimented with buffer conditions for promoting the separation of filaments 
that supported organelle transport. In a 1:1 dilution of buffer X [buffer X was devised" 
to match closely the intracellular compartment of squid axons], large numbers of 
apparently single filaments consistently separated from the bulk axoplasm and settled 
on the surface of a coverglass producing extensive fields of isolated filaments (FIGURE 
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1, inset). Vesicular organelles, derived from the bulk axoplasm, entered the fluid phase 
and were observed to collide with, attach to, move along, and eventually dissociate 
from the filaments.'* Because of the similarity between organelle movement along 
these isolated filaments and organelle transport in the intact axoplasm, we concluded 
that these components isolated from the bulk axoplasm represent the minimal 
machinery for rapid axonal transport. Directed organelle movement along these 
filaments ruled out mechanisms for organelle transport, such as streaming, which 
invoke an organized cytomatrix.'* 

To determine the structure of these transport filaments, a technique was devised to 
identify single filaments, first by video microscopy while they were transporting 
organelles, and subsequently the same filament by electron microscopy after rapid 
freezing, freeze-drying, and rotary   ha do wing.^ All transport filaments, including 
those that supported the bidirectional movement of organelles, had a diameter and 
substructure indicative of a single microtubule (e.g. FIGURES 1 and 2 ) .  The identity of 
transport filaments as single microtubules was confirmed by exposing dissociated 
preparations of axoplasm to an antibody to alpha tubulin, which was then stained with 
an immunofluorescent secondary antibody; there was a one-to-one correspondence 
between transport filaments and labeled, tubulin-containing  filament^.^ When rho- 
damine-phalloidin was used to localize actin in preparations of dissociated axoplasm, 
single actin filaments were visible, but they were not associated with transport 
filaments.l3 

CHARACTERISTICS OF ORGANELLE MOVEMENT ALONG ISOLATED 
AXONAL MICROTUBULES 

Although the process of directed organelle movement in intact cells has been 
recognized for some time, inferences regarding the underlying molecular mechanisms 
have been hampered by the possibility that organelle movement is influenced by the 
surrounding cytoplasmic components. For example, effects of treatments or drugs on 
the cytoplasmic organization cannot be distinguished from direct effects on the 
transport machinery. By contrast, organelle movement along the isolated axoplasmic 
microtubules should reflect directly underlying molecular events. 

Organelles move continuously, in a consistent direction, a t  an average velocity of 
2.2 pm/sec along isolated axoplasmic microtubules. This result brings to mind a 
similar experimental situation in which the velocity of myosin-coated beads moving 
along actin filaments was characteristic for different myosin molec~les . '~  Thus, the 
fact that all axoplasmic organelles move a t  the same velocity under the dissociated 

FIGURE 1. Video micrograph of three transport filaments (each is a single microtubule) that 
have separated from the bulk axoplasm. All three filaments were transporting organelles. An 
electron micrograph of the filament indicated by the arrow is shown in FIGURE 2. Mitochondrion 
(m) and vesicular organelles (arrowheads) are associated with the filaments. x 5,500. Inset: Low 
magnification view of a field of isolated transport filaments (arrowheads) that have separated 
from the bulk axoplasm (a). 

FIGURE 2. Electron micrograph of one of the transport filaments with an attached vesicular 
organelle from FIGURE 1 (filament indicated by arrow in FIGURE 1). Specimen was prepared by 
rapid freezing, freeze drying, and rotary shadowing with Pt-Ta-Ir. A map of AuPd squares on the 
surface of the coverglass enabled the identification of individual filaments by light and electron 
micro~copy.~ Transport filaments are 24 nm in diameter and have a substructure indicative of a 
single microtubule. x 15.000. 
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FIGURE 3. The velocity of organelle movement along axoplasmic microtubules in intact, 
extruded axoplasm ( A ,  anterograde direction; R, retrograde direction) compared to velocities in 
dissociated axoplasm ( D )  along isolated microtubules like those illustrated in FIGURE 1. Small 
particles measure 0.2 gm in diameter (the actual size of some of these is likely to be less than this, 
perhaps as small as 50 nm); medium particles measure between 0.2 and 0.5 pm; mitochondria are 
recognized as tubular structures up to several microns in length (see FIGURE 1, for example). In 
the intact axoplasm there is a negative relationship between size and velocity, and all but the 
smallest particles move in a discontinuous or saltatory manner. Along isolated microtubules 
(filled bars), all organelles move continuously at the same velocity of 2.2 gm/second. Note that 
this is the same velocity characterizing the movement of the smallest organelles in the intact 
axoplasm. 

FIGURE 4. Sequence of three video micrographs taken at 0, 0.28, and 0.76 seconds. A single 
mitochondrion becomes attached to two microtubules (arrowheads). At 0.28 seconds the 
organelle splits as a consequence of the two ends moving in opposite directions. Both halves 
continue to move normally (arrowheads at 0.76 seconds). x 8,000. 

conditions suggests that this movement is mediated by a single type of molecular 
motor. 

The continuous movement of organelles along isolated microtubules contrasts with 
the discontinuous movement of the larger organelles in intact axoplasm. In fact, 
organelle movement had been considered saltatory's because it was visualized by light 
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microscopic techniques that detected only the larger organelles making discontinuous 
movements through intact cytoplasm. The smaller organelles (less than 100 nm in 
diameter, perhaps as small as 50 nm), which are only detected after video processing 
the light microscopic image, clearly move continuously in the intact axoplasm.16*’2 That 
the larger organelles move discontinuously and more slowly in the intact axoplasm 
(FIGURE 3) is presumably a consequence of impeding interactions with the surrounding 
cytoplasm. The decline of organelle velocity with size suggests that the impeding 
interactions are greater for larger organelles; in fact, small organelles appear to move 
freely through the cytoplasmic matrix. 

Organelles have more than one motor attached to their surfaces. This can be seen 
directly in mitochondria that frequently attach to two microtubules a t  the same time 
(FIGURE 4). Multiple attachments also occur between vesicular organelles and 
microtubules.” Nevertheless, organelles move in a consistent direction along microtu- 
bules and rarely, if ever, reverse. Among thousands of observations of moving 
organelles, only two or three examples of possible reversals have been noted, and two of 
these involved mitochondria. On the other hand, the ends of mitochondria caught 
between two points on a single looped microtubule can move simultaneously in opposite 
directions (FIGURE 5). Although these examples do not constitute reversals of 
movement, they do indicate that a single mitochondrion has the capacity to move in 
both directions on the same microtubule. 

Single microtubules support the bidirectional movement of organelles: and two 
organelles moving in opposite or the same direction along the same microtubule often 
pass each other without an obvious collision (FIGURE 6). These results suggest that 
microtubules have more than one track along their length that can serve as a substrate 
for organelle movement. 

ORGANELLE MOVEMENT RECONSTITUTED 
FROM PURIFIED COMPONENTS 

A reconstituted system was developed that provided further evidence that microtu- 
bules are not simply serving as a support for some other cytoplasmic filament but are, 
in fact, interacting directly with organelles. The reconstituted system combined a pure 
fraction of taxol-polymerized, MAP-free microtubules from squid optic lobes with an 
organelle fraction purified from axoplasm extruded from the giant axon. Organelle 
movement was observed along these purified microtubules. Organelles purified from 
squid axoplasm also translocate along axonemal microt~bules’~ and along microtu- 
bules polymerized from bovine tubulin in the absence of any microtubule-associated 
protein.” 

A soluble supernatant fraction from squid axoplasm significantly increased the 
frequency of organelle movements along purified, MAP-free microtubules.*o The rate 
of these movements was the same as those in the native preparation, but movements 
were primarily unidirectional on individual microtubules. Furthermore, not only did 
the organelles move along microtubules in the presence of this supernatant fraction, 
but the microtubules moved along the glass coverslip, even in the absence of organelles 
(FIGURE 7). The translocator appeared to act on microtubules through the formation of 
a fixed attachment to the glass, because a glass coverslip previously treated with 
soluble supernatant that was then washed off still supported microtubule movement. 
Carboxylated beads, which bear a net negative charge in aqueous solution, also move 
along purified microtubules a t  the same rate that the microtubules move along the 
glass coverslip (0.4 wrn/sec), provided that the beads have been previously treated with 
the supernatant fraction. 
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FIGURE 5. Sequence of video micrographs showing a single mitochondrion with its two ends 
(arrowheads) caught on a single-looped microtubule. Both ends move as the mitochondrion 
translates from left to right. The two ends move in opposite direction with respect to the 
orientation of the microtubule. x 8,000. 

FIGURE 6. Sequence of video micrographs taken lasting 1.16 seconds. A smaller organelle 
(filled arrowhead) momentarily stops and is overtaken by a larger particle (open arrowhead). 
Neither organelle dissociates from the microtubule. Organelles also pass each other moving in 
opposite directi0ns.l These observations indicate that a single microtubule has multiple tracks for 
organelle movement. x 8,000. 
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FIGURE 7. Sequence of video micrographs showing taxol-polymerized microtubules from squid 
optic lobe in the presence of a soluble cytoplasmic fraction from squid giant axon. All 
microtubules in this field are moving along the glass coverslip at  an average velocity of 0.4 
pm/second. 

Because the microtubule-translocating activity was inhibited by exposing the 
supernatant fraction to trypsin or temperatures above 6OoC, it seemed that the 
translocating activity is a protein. Because the microtubule movement required ATP 
and was inhibited by adenyl imidodiphosphate (AMP-PNP), the translocator protein 
appeared to be an ATPase. Finally, microtubule movement could be inhibited by 
precoating the glass coverslip with polylysine. Thus, we concluded that a soluble, 
cytoplasmic translocator protein attaches to the negatively charged surface of the 
coverslip. Only those translocators that have an appropriate orientation to the tubulin 
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FIGURE 8. The microtubule-translocating activity associated with fractions eluted from a 
hydroxyapatite column. In this experiment, kinesin was first affinity purified by binding to 
microtubules in the presence of AMP-PNP.’ Microtubule translocating activity of each fraction 
was assayed by determining the maximum dilution that still supports microtubule movement. The 
peak of activity coelutes with a protein complex consisting of a 110 kD polypeptide, a 60-65 kD 
doublet, and a faint 80 kD peptide. 
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lattice of the microtubule would then generate directed forces because only these 
molecules would bind to the microtubule surface. A similar argument has been invoked 
to explain how beads coated with myosin could make directed movements along actin 
fiIaments.14 

The microtubule movement on a glass coverslip provided a functional assay that 
enabled the purification of a protein associated with the microtubule translocating 
activity (FIGURE 8'). Similar proteins have been purified from squid optic lobe, squid 
axoplasm, and bovine brain.' The protein, which has been named kinesin, consists of 
major polypeptides of 110 K daltons, 60-65 K daltons, and 80 K daltons. This protein 
elutes from a gel filtration sizing column with an apparent molecular mass of 600-700 
K daltons. FIGURE 9 is a schematic diagram illustrating our view of the role of kinesin 
in promoting movement. The overall molecular weight of kinesin, as well as the 
molecular weight of its polypeptides, is different from dynein, the ATPase responsible 
for the interaction between outer doublet microtubules in cilia. 

B E 4 0  '4tSlL.k 

FIGURE 9. Schematic representation of binding of kinesin oligopeptide to a bead, vesicle, and 
the glass substrate. In each case kinesin interacts with a microtubule, exerting a power stroke 
directed toward the plus end of the microtubule. Specific receptors, indicated on the surface of the 
vesicle, might bind kinesin in a configuration that produces the higher rate of movement indicated 
by the longer arrow.*' 

Kinesin induces the movement of carboxylated beads in only one direction along 
micro tubule^.^^^^ Because microtubules are oriented unidirectionally in axons with 
their plus ends toward the nerve terminals and their minus ends toward the cell body,'' 
it was important to determine the direction of the force stroke generated by kinesin. 
This has been accomplished by assaying bead movement along arrays of microtubules 
polymerized from centrosomes. In the presence of purified kinesin, beads move from 
the minus (near the basal bodies) to the plus ends of the microtubules, corresponding to 
the anterograde direction in intact axons." It remains unclear how movement is 
induced in the direction opposite to that induced by kinesin, whether by modification of 
kinesin or by a second translocator factor that could have an affinity for certain classes 
of organelle. 
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