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Abstract. Plus- and minus-end vesicle populations
from squid axoplasm were isolated from each other by
selective extraction of the minus-end vesicle motor fol-
lowed by 5'-adenylyl imidodiphosphate (AMP-PNP)-
induced microtubule affinity purification of the plus-
end vesicles. In the presence of cytosol containing both
plus- and minus-end motors, the isolated populations
moved strictly in opposite directions along microtu-
bules in vitro. Remarkably, when treated with trypsin
before incubation with cytosol, purified plus-end vesi-
cles moved exclusively to microtubule minus ends in-
stead of moving in the normal plus-end direction. This
reversal in the direction of movement of trypsinized
plus-end vesicles, in light of further observation that cy-
tosol promotes primarily minus-end movement of lipo-

is to understand how distinct membrane compart-

ments are transported along microtubules to their
correct intracellular destinations. It is advantageous to
consider this question in nerve cell axons because of their
simple, linear organization. Because axons, to a large ex-
tent, lack protein synthetic machinery and are not engaged
in the de novo assembly of membrane compartments,
most vesicles in axons are fully assembled and in transit,
moving along microtubules between the cell body and the
nerve terminals. Membrane compartments carrying synap-
tic vesicle precursors and components of the axonal mem-
brane are derived from the Golgi and move in the antero-
grade direction, while endocytic compartments carrying
trophic factors (16) and recycling membrane proteins
move in the retrograde direction (14, 61). Because axonal
microtubules are oriented with their plus ends pointed
away from the cell body (25), anterograde and retrograde
membrane compartments move toward microtubule plus
and minus ends, respectively.

QN important goal in the study of organelle trafficking
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somes, suggests that the machinery for cytoplasmic dy-
nein-driven, minus-end vesicle movement can establish
a functional interaction with the lipid bilayers of both
vesicle populations. The additional finding that kinesin
overrides cytoplasmic dynein when both are bound to
bead surfaces indicates that the direction of vesicle
movement could be regulated simply by the presence
or absence of a tightly bound, plus-end kinesin motor;
being processive and tightly bound, the kinesin motor
would override the activity of cytoplasmic dynein be-
cause the latter is weakly bound to vesicles and less
processive. In support of this model, it was found that
(a) only plus-end vesicles copurified with tightly bound
kinesin motors; and (b) both plus- and minus-end vesi-
cles bound cytoplasmic dynein from cytosol.

While it is clear that microtubule motors are involved in
the transport and positioning of membrane compartments,
two key questions remain unresolved: (7) how are motors
docked on vesicles, and (2) which mechanisms regulate the
direction of vesicle movement? To address these ques-
tions, we have concentrated on the squid giant axon, the
same system that led to the discovery of microtubule mo-
tor proteins and their involvement in vesicle transport (6,
54, 64). This system has the advantage that the axon itself
can be cleanly isolated from the cell body and the axon
terminals. In theory, the organelles recovered in low to
moderate speed supernatants from extruded axoplasm
should consist only of smooth ER (33) and anterograde
and retrograde vesicle populations (61). There should be
no contamination from the plasma membrane, mitochon-
dria, or compartments involved in vesicle biogenesis such
as the Golgi or early and late endosomes (33, 46). Most
important, extruded squid axoplasm exhibits robust bidi-
rectional organelle movement (8, 54) which is recovered in
purified vesicle fractions (53, 67). This enrichment in mov-
ing vesicles is a great advantage for biochemical studies.

Kinesin and its many relatives transport organelles to-
ward microtubule plus ends, i.e., anterogradely in nerve
cell axons (12, 31, 41, 44, 45, 65), while the minus end~
directed motor, cytoplasmic dynein, is thought to trans-
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port organelles retrogradely (47, 52, 56). It is likely that
vesicle trafficking in axons is regulated by mechanisms
that cause cytoplasmic dynein to direct the movement of
retrograde vesicles, and kinesin-related motors to direct
the movement of anterograde vesicles. The situation is
complicated because microtubule motors, while associated
with vesicle membranes, are also abundant in the cytosol,
where they are available for interaction with all organelles
(28, 65, 67). These motor proteins bind inert surfaces non-
specifically and can promote processive movement along
microtubules (5, 30, 65). Thus, we are likely to encounter
not only mechanisms that cause the correct motor to be
active on an organelle, but also mechanisms that prevent
the activity of motors with the wrong polarity from direct-
ing movement,

Although the mechanisms for targeting motors of the
correct polarity to organelles have yet to be elucidated,
two general models have been proposed (23, 68). In one
model, vesicles might bind only a single type of motor; e.g.,
either a kinesin or cytoplasmic dynein, depending on
whether transport is to be anterograde or retrograde. Al-
ternatively, vesicles might bind both plus- and minus-end
motors, but the motor activity might be regulated to en-
sure the correct direction of transport. The latter model is
supported by several studies which claim or imply that
both kinesin and cytoplasmic dynein are present on cer-
tain organelles (26, 27, 43, 73). This conclusion, however,
is still not firmly established.

The present study was initiated with the aim of distin-
guishing between the two models mentioned above. Our
strategy was to purify plus and minus end—directed vesicle
populations from squid axons and investigate their inter-
action with plus and minus end—directed motors (52, 53,
64). The method reported here for separating and purify-
ing plus- and minus-end vesicles from squid axoplasm was
based on the previous finding that extraction of vesicles
with 600 mM potassium iodide (KI)! reversibly inactivated
the minus-end motor (presumably by stripping cytoplas-
mic dynein), but did not release or inhibit the plus-end
vesicle motors (53). Here, KI is used to selectively inacti-
vate minus-end vesicles, leaving only plus-end vesicles
available for purification by AMP-PNP-induced microtu-
bule affinity. The isolated plus- and minus-end vesicle
populations, in the presence of cytosol, move in opposite
directions on microtubules, as would be predicted from
previous observations that individual squid axon vesicles
seldom, if ever, reverse, and saltatory movements are
rarely seen (54).

We present evidence that the minus-end motor, cyto-
plasmic dynein, interacts with the lipid bilayers (36) of
both plus- and minus-end vesicles, and in both cases, the
dynein is capable of driving vesicle movement to microtu-
bule minus ends. The results are consistent with the idea
that the direction of vesicle movement could be regulated
simply by the acquisition or loss of a tightly bound kinesin
motor: because plus-end kinesin motors are processive (35,
22, 30) and tightly bound to vesicles, they can overcome

1. Abbreviations used in this paper; AMP- PNP, 5'-adenylyl imidodiphos-
phate; KI, potassium iodide; V;, vanadate ion.
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the activity of cytoplasmic dynein when both motors are
present on a bead or organelle surface.

Materials and Methods

Preparation of Vesicles and Cytosol from
Squid Axoplasm

Squid (Leligo pealeii) axons were obtained from Calamari Inc. (Woods
Hole, MA), and stored in liquid nitrogen. Axoplasm was extruded from
thawed axons and homogenized 1:5 in “1/2 X” motility buffer: 10 mM
Hepes-KOH (pH 7.2), 175 mM L-aspartic acid, 65 mM taurine, 85 mM be-
taine, 25 mM glycine, 6.5 mM MgCl,, S mM EGTA, 0.5 mM p+glucose,
1.5 mM CaCl,, 1 mM DTT, 1 mM ATP, and protease inhibitors (66). To
obtain cytosol and unextracted vesicles, a low speed (12,000 g for 8 min)
S1 supernatant (67) derived from the homogenized axoplasm was layered
onto a 45, 15, and 12% (wt/vol with motility buffer) sucrose density gradi-
ent and centrifuged for 90 min at 120,000 g (53, 55). Unextracted vesicles
were recovered by side puncture of the tube. The lower half of the 15%
sucrose layer and the 45/15% interface were collected. The cytosol was
collected as five 100-ul fractions from the top of the tube (82;-§2; from
the supernatant; S2, and 525 from the 12% sucrose layer). Unless otherwise
stated, “cytosol” was a 1:1 mixture of S2; and S2,, which together contained
the peak activity for minus-end vesicle movement (52) (see Fig. 8 B).

KI-extracted vesicles were prepared (53) by first homogenizing axo-
plasm in motility buffer containing 600 mM KI. After 10 min, the homoge-
nate was diluted 1:1 with motility buffer and layered onto a sucrose gradi-
ent similar to the one described above for preparing cytosol and
unextracted vesicles. After centrifugation, the gradient was collected in
five fractions. KI-extracted vesicles appeared as two narrow bands at the
45/15% interface and were collected together in fraction 4.

Isolation of Plus- and Minus-end Vesicles

Kl-extracted vesicles were further fractionated by microtubule affinity pu-
rification to separate vesicles with active motors attached to their surfaces
(plus-end vesicles) from vesicles devoid of motor activity (minus-end vesi-
cles). The Kl-extracted vesicle fraction was diluted with 1 vol motility
buffer supplemented with 40 uM taxol and 10 mM AMP-PNP. Taxol-sta-
bilized microtubules (assembled from phosphocellulose-purified bovine
brain tubulin) were added to a final protein concentration of 100 pg/mi.
After a 30-min incubation at room temperature, microtubules appeared
saturated with bound vesicles, as determined by video-DIC microscopy.
The mixture was loaded onto a 45/15/12% sucrose density gradient (made
with motility buffer supplemented with taxo! and AMP-PNP), and was
centrifuged at 120,000 g for 90 min at 10°C in an ultracentrifuge (Sorvall
RC 70; DuPont Co., Biotechnology Systems, Wilmington, DE). 5 X 41-mm
Ultra-Clear centrifuge tubes fitted with adapters into the rotor (SW55Ti;
Beckman Instruments, Inc., Palo Alto, CA) were used. The microtubule—~
vesicle complexes appeared as a compact band below the 45/15% inter-
face, while free (minus-end) vesicles formed a diffuse layer above this
interface. The two layers were collected separately by side puncture. To
release the microtubule-bound (plus-end) vesicles, microtubule—vesicle
complexes were diluted 1:10 in motility buffer containing 5 mM ATP and,
to solubilize the microtubules and enhance the release of vesicles, 150-300
mM KI. The pellet was triturated 50X with a 30-gauge needle, and incu-
bated on ice until no microtubules were detected by DIC microscopy
(~30 min). Released vesicles, collected as a pellet after centrifugation (in
Beckman polyatlomer centrifuge tubes, 5 X 20 mm), for 45 min at 200,000 g)
were resuspended either in motility buffer, to about one-fourth the vol-
ume of the starting KI-extracted vesicle fraction, or in sample buffer for
SDS-PAGE. Some vesicle clumps could not be entirely dispersed by tritu-
ration in motility buffer, thus leading to a variable efficiency of recovery
of the vesicles in the purified plus-end vesicle fraction. The free (minus-
end) vesicles that failed to bind to microtubules in AMP-PNP were di-
luted in motility buffer, collected as a pellet after centrifugation, and re-
suspended in SDS-PAGE sample buffer or motility buffer as described for
plus-end vesicles.

Preparation of Liposomes

The following phospholipids were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL): 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE), 1-palmi-
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toyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (sodium salt; PS), L-a-phos-
phatidylinositol (liver-sodium salt; PI), and 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-[phospho-rac-(1-glycerol)] (sodium salt; PG). A brain extract (Folch
fraction I from bovine brain) containing 10-20% phosphatidylinositides,
50-60% phosphatidylserine, as well as other brain lipids, was obtained from
Sigma Chemical Co. (St. Louis, MO). Liposomes were prepared as fol-
lows: 10 mg of bovine brain lipids, PC, PG, or 1:1 mixtures of PS/PC, PI/PC,
and PE/PC were dissolved in 0.4 ml chloroform. After evaporation of the
solvent in a stream of nitrogen gas, the dried lipids were rehydrated by
vortexing in 0.4 ml motility buffer. This was followed by 10 cycles of
freeze-thawing. Liposomes were produced by passing the lipid suspension
21 times through a 100-nm polycarbonate filter in a LiposoFast unit
(Avestin, Inc., Ottawa, Canada).

Experimental Manipulations of the Cytosol
and Vesicles

Antibody Inactivation of Kinesin. We have used the mAb CG39 (32),
which is capable to bind to native squid kinesin heavy chain (65), but
which has no effect on minus-end motor activity (52), to block the activity
of kinesin in the bead movement assay. The antibody (ascitic fluid) was
added to the cytosol nondiluted or diluted 1:10 in motility buffer (final
concentration-1:4 or 1:40) before mixing with a bead suspension contain-
ing either carboxylated latex (Polysciences, Inc., Warrington, PA) or silica
beads (Bangs Laboratories, Inc., Carmel, IN). At both antibody concen-
trations, plus-end—directed bead movement was inhibited. Similar experi-
ments have been conducted with an affinity-purified polyclonal antibody
to the squid kinesin motor domain, SK-394 (see below), and yielded com-
parable results.

UV-Vanadate Photocleavage of Dynein Heavy Chain. Cytosol was irra-
diated at 365 nm with a Spectroline lamp (model EN-280L; Spectronics,
Westbury, NY) for 3 h on ice in the presence of 2 mM ATP and 20 pM
vanadate (V;; prepared from sodium orthovanadate; 19, 21, 52). After ir-
radiation, V; was reduced with 2 mM norepinephrine. For control cytosol,
V; was added together with the norepinephrine after UV irradiation.

Protease Treatment of Vesicles. Vesicle fractions were incubated for 30
min at room temperature with either 50 pwg/ml trypsin or 330 pg/ml pro-
teinase K. The proteolysis was stopped by the addition of soybean trypsin
inhibitor (2 mg/ml) or 1 mM PMSF, respectively. After a 20-min incuba-
tion on ice, protease-treated vesicles were used in motility assays. Control
samples were incubated either without proteases or with proteases and
their inhibitors simultaneously.

Binding of Motor Proteins to Liposomes, Vesicles,
and Beads

Flotation experiments were performed to measure the binding of kinesin
and cytoplasmic dynein to vesicles and liposomes. Suspensions of lipo-
somes or vesicles were incubated with equal volumes of axoplasmic cyto-
sol for 1 h either on ice or at room temperature. At the end of the incuba-
tion, mixtures of cytosol with liposomes or vesicles were brought to 1.8 M
sucrose in a total volume of 200 pl. Vesicles were overlaid with 200 ul of
1.4 M sucrose and 200 pl of 0.4 M sucrose. Liposomes were overlaid with
200 pl of 0.8 M sucrose and 200 pl of motility buffer. All sucrose solutions
were in motility buffer. After centrifugation for 90 min at 120,000 g, the
bottom, middle, and top layers were collected and analyzed for in vitro
motility or processed for SDS-PAGE. Membranes were contained in the
top fraction, which included the material that banded at the interface of
the two uppermost layers. In some experiments, unexiracted vesicles
alone (i.e., without cytosol) were subjected to flotation, collected from the
top of the tube, and diluted with motility buffer to the volume of the start-
ing vesicle sample before being used in motility assays.

The binding of motor molecules to carboxylated silica beads was as-
sessed as follows: 20 ul of packed beads were resuspended in 80 pl motil-
ity buffer and supplemented with 25 ul axoplasmic cytosol, with or with-
out 10 ul CG 39 antibody (ascitic fluid). After a 30-min incubation at 4°C,
beads were pelleted by centrifugation in a microfuge, washed once with
motility buffer, and successively extracted with 1 M NaCl and 2X SDS
sample buffer. For SDS-PAGE analysis and immunoblotting, salt and de-
tergent extracts of beads were combined.

Motility Assays

Vesicles. Flow cells holding 24 ul were assembled as described (53).
Taxol-stabilized, salt-washed squid microtubules (67) were introduced
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into the flow cell, where they adhered to the coverglass at a density of four
to eight microtubules per field, as viewed by video-enhanced DIC micros-
copy (51). The microscope field was typically 400 wm? and the total length
of the microtubules per field was 70-150 pm. To prevent adsorption of
vesicles to the coverglass (53), the flow cell was then incubated for 5 min
with 5 mg/ml casein in motility buffer containing 10 pM taxol (casein/taxol
buffer). Samples of vesicle fractions were mixed with 1 vol of either
casein/taxol buffer or cytosol, incubated for 3 min at room temperature,
then supplemented with 2.5 mM ATP and introduced into the flow cell.
Vesicle movement in one microscope field was recorded for 10 min. The
flow cell was then washed with casein/taxol buffer (2 X 10 ul), and kine-
sin-coated beads were infused into the flow cell in the presence of ATP.
These moved unidirectionally toward microtubule plus ends and so de-
fined the polarity of the microtubules.

Beads and Liposomes. Carboxylated latex beads (0.23 wm in diameter)
from a 2.5% (wt/wt) solution were diluted 1:25 in casein/taxol buffer and
then 1:10 in cytosol supplemented with 2.5 mM ATP. Silica beads (0.2 pm)
from a 10% (wt/wt) solution were used at final dilutions of 1:200-1:500.
Liposomes, prepared as detailed above, were diluted 1:100 in casein/taxol
buffer. Motility assays using beads and liposomes were performed using the
procedure described above for the vesicle movement assays. For experi-
ments that measured cytosol-dependent liposome binding to microtubules
(see Fig. 4), liposomes in the presence of cytosol and 4 mM AMP-PNP
were perfused into a flow cell that had been preincubated with microtu-
bules as described above for the vesicle motility assays. After 30 min, the
flow cell was washed with casein/taxol buffer and examined under the mi-
croscope to count the numbers of liposomes bound to the microtubules.
At the end of the experiment, liposome movement was observed after the
infusion of 2.5 mM ATP. The polarity of the microtubules was determined
with kinesin-coated beads as detailed above for vesicle movement assays.
In control experiments, liposomes were incubated with the microtubules
in the flow cell in the presence of cytosol and ATP.

Measurements. For quantifying vesicle, liposome, or bead movement
activity, or for determining the numbers of vesicles or liposomes bound to
microtubules, microtubule length was measured from digitized images us-
ing image analysis software (Image 1; Universal Imaging, Media, PA).
Movement activity was calculated by dividing the number of moving parti-
cles by the observation time and total microtubule length in the micro-
scope field. Velocities were calculated from the measured distance and
time between two points of uninterrupted movement on the microtubule.

The numbers of plus-end vesicles in the Kl-extracted vesicle fractions
were determined by counting the numbers of vesicles bound to microtu-
bules in the presence of AMP-PNP (no cytosol). Numbers of minus-end
vesicles were determined in a similar manner by incubating the unbound
(minus-end) vesicles (i.e., KI-extracted vesicles depleted of plus-end vesi-
cles) with microtubules in the presence of cytosol and AMP-PNP. Total
microtubule length was computed from the known tubulin concentration
added to the vesicle fractions, assuming that 1 um of a 13-protofilament
microtubule contained 3.4 X 1072! mol of tubulin (assuming a tubulin
monomer molecular mass of 55,000 D, and a center-to-center distance be-
tween monomers of 4 nm; 53). More than 90% of vesicles that bound to
microtubules in AMP-PNP moved upon addition of ATP.

Immunoblotting

Samples were subjected to SDS-PAGE using 5-15% gradient gels. For
general protein detection, gels were double stained with Coomassie (bril-
liant blue G-colloidal concentrate; Sigma Chemical Co.) and silver (40).
Proteins were transferred for 3 h at room temperature onto a 0.2-pm poly-
vinyldene difluoride membrane using the TE70 SemiPhor Semi-Dry Blot-
ter (Hoefer Scientific Instruments, San Francisco, CA) set at a constant
current of 85 mA. Transfers were processed by antibody overlay using al-
kaline phosphatase—coupled secondary antibodies (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD) at a dilution of 1:5,000. Antibody
binding was visualized with 4-nitroblue tetrazolium chloride and 5-bromo-
4-chloro-3-indolyl-phosphate. The following primary antibodies were
used: CG39 is a mAb to squid kinesin heavy chain (32, 65); SK-394 (affin-
ity purified, 0.8 ug/ml) is a polyclonal antibody raised to the NH,-terminal
394 amino acids of squid kinesin heavy chain; JR61, provided by Dr. D.J.
Asai (Purdue University, West Lafayette, IN) is a rabbit polyclonal anti-
body raised against a synthetic peptide derived from a conserved se-
quence motif of cytoplasmic dynein heavy chain (2); Cl 10.1, provided by
Dr. R. Jahn (Boyer Center for Molecular Medicine, Yale University, New
Haven, CT), is a monoclonal anti-synaptobrevin (VAMP) antibody (3);
antibody No. 354 (address 59), raised in rabbit to a Drosophila a-spectrin
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fusion protein (10), was provided by Dr. D. Branton (Harvard University,
Cambridge, MA); anti-HIPYR antibody (polyclonal; affinity purified),
raised to a synthetic peptide corresponding to a conserved region of the
kinesin motor domain (50), was provided by Dr. T.J. Mitchison (Univer-
sity of California at San Francisco). The concentration of proteins in the
vesicle fractions was determined either in motility buffer or SDS-PAGE
sample buffer with the dotMETRIC protein assay (Geno Technology,
Inc., St. Louis, MO).

Results

Isolation of Plus- and Minus-end Vesicle Populations

The selective inhibition of minus-end vesicle motility (53)
by KI extraction suggested a strategy for isolating plus-
and minus-end vesicle populations (Fig. 1). The putative
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Figure 1. Diagram showing the isolation of plus- and minus-end
vesicle populations from squid axons. A vesicle fraction (KI-V),
which in the absence of cytosol showed plus end but not minus
end-directed motility, was obtained from KI-extracted axoplasm
by sedimentation on a sucrose density gradient (53). Incubation
of KI-V with microtubules and AMP-PNP induces formation of
complexes between microtubules and vesicles having active plus
end—directed motors. The complexes were separated from free,
nonbound vesicles by sucrose density fractionation. The microtu-
bule-bound vesicles were released by extraction of the microtu-
bule-vesicle complexes with ATP and KI. These purified plus-
end vesicles (V*) moved in the plus-end direction either in the
presence or absence of cytosol. KI-V, which in the presence of
AMP-PNP did not bind to microtubules, were completely non-
motile in the absence of cytosol, moved in the minus-end direc-
tion upon addition of cytosol, and were called minus-end vesicles
(V7). The concentration of the sucrose layers (wt/vol) is indicated
on the right.
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plus-end vesicles were purified by incubation of KI-
extracted vesicles with microtubules and AMP-PNP. The
expectation was that plus-end vesicles would bind to the
microtubules via AMP-PNP-induced kinesin-microtubule
rigor bonds (64), while minus-end vesicles, because they
had presumably been stripped of cytoplasmic dynein,
would not attach to the microtubules. The resulting micro-
tubule-vesicle complexes were separated on a sucrose
density gradient from free vesicles. After collecting the
vesicle-microtubule complexes, the putative plus-end vesi-
cles were released from the microtubules by resuspension
of the vesicle-microtubule complexes in buffer containing
ATP and KI. The released vesicles were collected as a pel-
let by centrifugation and resuspended in motility buffer. In
motility assays, these vesicles moved in the absence of cy-
tosol to the plus ends of microtubules (Table I and Fig. 2).
Remarkably, in the presence of cytosol capable of recon-
stituting the minus-end movement of the KI-extracted ves-
icles (53), the microtubule affinity-purified vesicles still
moved exclusively in the plus-end direction (Fig. 2). We
refer to these vesicles as “purified plus-end vesicles;” they
are likely to constitute the anterograde vesicle population
in the squid giant axon. Using a quantitative assay of vesi-
cle movement activity (53), we estimated that up to 50%
of the starting plus-end vesicle movement activity in the
Kl-extracted vesicles was recovered in the purified plus-
end vesicle fraction (Table I).

Those Kl-extracted vesicles that did not bind to micro-
tubules in the presence of AMP-PNP and that hypotheti-
cally comprised the minus-end or retrograde population
were collected by centrifugation, resuspended in motility
buffer containing ATP, and tested for their ability to move
on microtubules in vitro. These vesicles did not move on
microtubules in the absence of cytosol (Table I and Fig. 2).
In the presence of cytosol, these vesicles moved exclu-
sively toward the minus ends of microtubules (Table I and
Fig. 2) despite the presence of active plus-end motors in
the cytosol (see Figs. 5 and 8). Quantitative measurements
of vesicle movement activity indicated that up to 75% of
the minus-end vesicle movement activity detected in the
KI-extracted vesicle fraction was reconstituted in the mi-
nus-end vesicle fraction obtained after the depletion of
plus-end vesicles (Table I).

Table I. Effect of Cytosol on Vesicle Movement Activity

Movement activity X 10°
(moves per minute per micrometer microtubule)

No cytosol Plus cytosol
Vesicle fraction Plus end Minus end Plus end Minus end
KI-V 45.8 0.7 40.8 30.8
vt 20.7 0.2 18.3 0.2
\'A 0.5 0.3 0.3 23.4

Vesicle movement activity was determined from in vitro motility assays as described
under Materials and Methods. Data are from a typical experiment in which purified
plus-end vesicles (V*), minus-end vesicles (V ™), and vesicles from the parental frac-
tion of Kl-extracted vesicles (KI-V) were assayed under identical conditions. Values
are adjusted to the volume of the KI-V fraction to compensate for the different resus-
pension volume of the purified vesicles (see Materials and Methods). The apparent re-
duction of plus end-directed movement activity of V* compared to that of KI-V is
caused by the unavoidable clumping of vesicles in the pellet during the last centrifuga-
tion step of the purification procedure.
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Figure 2. (A) Vesicles in the two isolated
populations move in opposite directions on
microtubules. Vesicle motility on microtu-
bules in vitro was tested in the presence or
absence of cytosol. Polarity of microtubules
was determined at the end of each experi-
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ment with kinesin-coated latex beads that
moved only towards the plus ends of microtu-
bules. Plus-end and minus-end moves were
expressed as the percentage of total moves.
Data were derived from at least six experi-
ments where each used an independent prep-
aration of homogenized squid axoplasm. Er-
ror bars indicate SEM (two samples were
tested in each experiment). Previous studies
no (53) showed that cytosol has no effect on the
movement of unextracted bidirectional vesi-
cles. (B) Association of kinesin and cytoplas-
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These isolated vesicles represent a significant fraction of
the total vesicle population observed to move in extruded
intact squid axoplasm. In intact squid axoplasm, 100400
moving vesicles (anterograde and retrograde combined)
are observed in a typical video field (20 wm X 20 pm X 0.1
pm, where 0.1 pm represents the depth of focus), i.e., there
are 2.5-10 moving vesicles per cubic micrometer (54).
From three independent preparations of axoplasm, 0.5-1.6
plus-end vesicles per cubic micrometer of axoplasm were
recovered by microtubule affinity (see Materials and
Methods), and >90% of these moved upon addition of
ATP (see also reference 53). Similar numbers of minus-
end vesicles were recovered. Therefore, at least 10% of all
moving vesicles in undiluted squid axoplasm were recov-
ered in the purified vesicle fractions.

These experiments confirm that there are distinct popu-
lations of vesicles in the axon programmed to move in op-
posite directions on microtubules, even in the presence of
cytosol containing both plus- and minus-end motors. Some-
how, the plus-end vesicles can avoid being moved by the
cytosolic minus-end motor, and the minus-end vesicles can
somehow discriminate between the soluble plus- and mi-
nus-end motors in the cytosol, and select only minus-end
motors.

A Minus-end Motor in the Cytosol Interacts
Functionally with Both Plus- and Minus-end Vesicles

One explanation for why the two vesicle populations move
in opposite directions might have been that they each have
receptors specific for either plus- or minus-end motors. To
test whether such receptor proteins on the vesicle surface
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mic dynein with the different vesicle fractions
shown in A. Unextracted bidirectional vesi-
cles (V*), Kl-extracted vesicles (KI-V), puri-
fied plus-end vesicles (V*), and minus-end
vesicles (V™) were analyzed by Western blot-
ting with anti-kinesin antibody (SK-394, up-
per row) and anti-cytoplasmic dynein anti-
body (JR61, lower row). At equal protein
loads, the kinesin heavy chain doublet is de-
tected in the V™ fraction, but not in the V™
fraction. Note that V* vesicles as a popula-
tion contain both kinesin and cytoplasmic dy-
A" nein, while KI-V vesicles do not contain dynein.

No Cytosol Cytosol

Minus-end
vesicles

are important, we first treated the vesicles with protease
and subsequently measured their ability to move on mi-
crotubules in the presence of cytosol (Fig. 3). Trypsin
treatment had no significant effect on the minus-end vesi-
cle movement activity, but completely blocked plus end-
directed vesicle movement. The most remarkable result
was that plus-end vesicles, treated with either trypsin (Fig.
3 A) or proteinase K (data not shown), now moved exclu-
sively and with high activity to the minus ends of microtu-
bules in the presence of cytosol. This result is striking be-
cause native, i.e., not protease-treated, purified plus-end
vesicles do not normally move toward the minus ends of
microtubules (Fig. 2 A). The ability of protease treatment
to reverse the direction of movement of purified plus-end
vesicles in the presence of cytosol, and the fact that cyto-
sol-dependent, minus-end vesicle movement is insensitive
to trypsin treatment, suggests that the minus-end motor,
likely to be cytoplasmic dynein. (see reference 52 and be-
low), normally interacts with both plus- and minus-end
vesicle populations by a mechanism that may not involve a
receptor protein. It is not possible, however, to rule out al-
ternative explanations, e.g., that protease treatment of
plus-end vesicles unmasks a cryptic binding site for cyto-
plasmic dynein on the vesicle. This alternative interpreta-
tion is considered in more detail in the Discussion.

To explore further the possibility that a minus-end mo-
tor in squid axoplasmic cytosol can interact with lipid bi-
layers, we prepared liposomes of various phospholipid
compositions and tested the ability of cytosol to promote
their movement on microtubules in vitro. In the presence
of cytosol, liposomes, regardless of their composition,
moved mostly toward the minus ends of microtubules (Fig.
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4 A and Table II). Yet cytosol promoted primarily plus-end
movement of latex beads (see Figs. 5 and 8 and references
52, 65). We conclude that liposomes prefer to interact with
a cytosolic minus-end motor over cytosolic plus-end mo-
tors. This conclusion was further supported by the finding
that purified kinesin capable of promoting robust move-
ment of latex beads failed to promote significant move-
ment of liposomes (data not shown).

The interaction of the minus-end motor with liposomes
was highly dependent on lipid composition (Fig. 4, B and C).
This dependence was investigated in a quantitative micro-
tubule binding and motility assay. Microtubules were per-
fused into a microscopy flow cell, where they adhered to
the coverglass. Subsequently, liposomes were incubated
with cytosol and perfused into the flow cell in the presence
of 4 mM AMP-PNP, conditions that cause the formation
of a rigor bond between squid cytoplasmic dynein, the
likely minus-end vesicle motor, and microtubules (52).
The number of liposomes bound per length of microtubule
was determined. Liposomes composed of more acidic
phospholipids interacted more strongly with cytoplasmic
dynein (Fig. 4, B and C). The strongest interaction oc-
curred with the acidic lipid phosphatidylglycerol; however,
this lipid is not normally present in eukaryotic membranes.
Significant interactions were also observed with liposomes
made from a mixture of phosphatidylserine and phos-
phatidylcholine, both of which are normal constituents of
eukaryotic membranes. Liposomes prepared from a crude
fraction of endogenous bovine brain lipids (containing
high amounts of phosphatidylserine and phosphatidyl-
inositides) showed high microtubule binding activity. Li-
posomes composed of neutral phospholipids, including
phosphatidylcholine and phosphatidylethanolamine, were
the least effective at promoting a functional interaction.

Two observations indicated that liposome binding to mi-
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crotubules in this assay involved motors and not other
types of microtubule-binding proteins. First, perfusion of
ATP-containing buffer into the flow cell after liposome
capture caused the liposomes to detach or move to the mi-
nus ends of microtubules. Second, liposome binding to mi-
crotubules in the presence of cytosol was nucleotide de-
pendent; addition of 2.5 mM ATP instead of AMP-PNP to
the incubation mixture dramatically reduced the accumu-
lation of liposomes on the microtubules (Fig. 4 B, right im-
age). Under these conditions, liposomes bound to, moved
along, and dissociated from microtubules, but the encoun-
ter frequency was low.

Beads Carrying Both Kinesin and Cytoplasmic Dynein
Move Primarily to the Plus Ends of Microtubules

The vesicle proteolysis studies and the liposome motility
studies suggested that plus-end vesicles in the presence of
cytosol carry both a tightly bound plus-end motor as well
as a minus-end motor, presumably cytoplasmic dynein,
whose attachment to the vesicle is salt labile. These obser-
vations raise the question of why these vesicles are nor-
mally observed to move in the plus-end, but not the minus-
end direction (Fig. 2). One possibility is that the activity of
the minus-end motor is normally inhibited by a posttrans-
lational modification to the vesicle or the motor. A second
possibility is that the kinesin motor predominates because
it is processive (5, 22, 30, 37); i.e., it pulls for most of its
mechanochemical cycle. If the minus-end motor were en-
dowed with a longer dwell time in a weakly bound state,
then it might be possible for the plus-end kinesin motor to
take over the movement of these vesicles by overriding the
minus-end motor.

To test whether such an override mechanism is even
possible, bead movement along microtubules of known
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Figure 4. The movement of liposomes is driven primarily by the
cytosolic minus-end motor. (A) Motility of phosphatidylglycerol
liposomes (arrows, left images) was opposite in direction to the
plus-end movement of kinesin-coated latex beads (arrowheads,
right images). (B and C) Liposomes bind to microtubules in the
presence of cytosol and AMP-PNP, but not ATP. Liposomes of
uniform phospholipid composition (PG, PS/PC, PI/PC, PE/PC,
PC) or prepared from bovine brain lipids (BL) were incubated in
the flow cell with cytosol and either AMP-PNP (to induce motor
protein—dependent binding of liposomes to microtubules) or
ATP. B shows video-DIC images of liposomes bound to microtu-
bules. Liposomes detached or moved to the minus ends of micro-
tubules after the application of ATP. Note that, when incubated
in the presence of ATP, liposomes did not bind to microtubules
(right image in B, right column in C). Bars: (A) 2 pm; (B) S wm.
PS, P1, and PE liposomes were made from a 1:1 mixture with PC.

polarity was observed in the presence of axoplasmic cyto-
sol (pooled S2, and S2, fractions; see Materials and Meth-
ods). Previous studies have established that in axoplasmic
cytosol, plus- and minus-end bead movement is driven ex-
clusively by classical kinesin and cytoplasmic dynein, re-
spectively (52, 65). In the present experiment, bead move-
ment was observed to be entirely plus-end directed for
both latex and silica beads (Fig. 5 A). It was clear, how-
ever, that the beads carried active minus-end motors be-
cause upon inhibition of the kinesin-driven movement us-
ing an mAb to squid kinesin heavy chain (32, 65), the bead
movement became predominantly minus-end directed. By
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Table I1. Liposomes in the Presence of Cytosol Move to
Microtubule Minus Ends

Moves in
Liposome minus-end Number of
composition direction Range experiments
% %
PG 94.4 93-96.1 3
PS/PC 100 - 2
PI/PC 100 - 2
PE/PC 100 - 2
PC 95.8 91.5-100 3
BL 93.6 92.9-94.7 2

The cytosol-dependent motility of liposomes of different phospholipid composition
was tested on microtubules of known polarity. Each experiment was performed in du-
plicate using different preparations of liposomes and cytosol. While cytosol translo-
cated latex beads primarily toward the plus ends of microtubules (see Figs. 5 and 8),
liposome movement was primarily minus end directed.

PG, phosphatidylglycerol; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phos-
phatidylethanolamine; PC, phosphatidylcholine; BL, bovine brain lipids. PS, PI, and
PE liposomes were made from a 1:1 mixture with PC.

several criteria, including sensitivity to UV-V,, sedimenta-
tion properties, and velocity, this minus end—directed bead
movement activity appeared to be driven by cytoplasmic
dynein (Fig. 8 and reference 52). Thus, the cytosolic plus-
end motor, kinesin, takes over bead movement activity in
the presence of cytoplasmic dynein competent to drive mi-
nus-end bead movement.

This observation that kinesin takes over the direction of
bead movement could have been explained in one of two
ways. One possibility was that kinesin and cytoplasmic dy-
nein compete for a limited number of binding sites on the
bead surface, but kinesin binds with higher affinity; in this
scenario, the anti-kinesin antibody might have impaired
kinesin binding to the bead, thereby making sites available
for cytoplasmic dynein. Such an explanation would neither
support nor rule out an override mechanism. A second
possibility was that kinesin and cytoplasmic dynein might
bind independently to the bead surface; in this scenario,
the presence of the anti-kinesin antibody would not affect
the binding of cytoplasmic dynein to the bead. Evidence
for this second possibility was obtained from measure-
ments of the amount of kinesin and cytoplasmic dynein
bound to the beads in the presence and absence of anti-kine-
sin antibody. Fig. 5 B clearly shows that the binding of ki-
nesin to beads was unaffected by the presence of the anti-
body; this indicates that the effect of the antibody was to
inactivate bead-bound kinesin rather than to prevent bind-
ing of kinesin to the beads. Furthermore, the presence of
the anti-kinesin antibody did not affect the amount of cy-
toplasmic dynein bound to the bead surface (Fig. 5 B).
Thus, it can be concluded that when both cytoplasmic dy-
nein and kinesin are present on the same bead surface un-
der conditions when both are available for driving bead
movement, movement is taken over by kinesin. A simple
explanation is that the activity of kinesin overrides dynein
because of differences in their duty cycles.

We attempted to reproduce this antibody inhibition ex-
periment using purified plus-end vesicles, asking whether
such vesicles would reverse their direction of movement in
the presence of cytosol and a function-blocking anti-kine-
sin antibody. Unfortunately, it was not possible to perform
this critical experiment because existing antibodies did not
inhibit the movement of purified plus-end vesicles in vitro.
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Figure 5. Kinesin overrides dynein when both motors are bound
to latex or silica beads. (A) Direction of bead movement pro-
moted by cytosol with and without anti-kinesin antibody. The di-
rection of movement of carboxylated latex or glass (values in pa-
rentheses) beads was tested on microtubules of known polarity in
the presence of axoplasmic supernatant (combined top cytosol
fractions S2; and S2,; see Materials and Methods) with or without
a monoclonal anti-kinesin antibody, CG39, which binds to native
kinesin heavy chain from squid (32, 65). In the absence of anti-
body, 100% of the beads moved toward microtubule plus ends; in
the presence of antibody, beads moved primarily to microtubule
minus ends. (B) The anti-kinesin antibody CG39 does not affect
the amount of dynein or kinesin bound to beads. Beads were in-
cubated with cytosol plus or minus CG39 antibody, and were sub-
sequently pelleted and washed with motility buffer. Proteins ad-
sorbed to the beads were solubilized successively in high salt and
detergent, and were analyzed for cytoplasmic dynein by SDS-
PAGE (upper lane; see Fig. 6) and for kinesin by Western blot-
ting with a polyclonal anti-kinesin antibody (SK-394, middle lane).
Mouse IgG was detected with an alkaline phosphatase-labeled goat
anti-mouse IgG + IgM (H + L) antibody (lower lane). Unbound
cytosolic motors and mouse IgG are shown at right (Supe). The
presence of the CG39 antibody (IgG) on the beads is consistent
with the idea that this antibody inhibits plus-end bead movement
by binding to bead-associated kinesin.

Additional antibodies to the squid kinesin motor domain
were raised, but these also failed to inhibit vesicle move-
ment in a convincing way.

Kinesin Is Preferentially Associated with
Plus-end Vesicles

The results presented thus far, based mainly on motility
assays of the purified vesicle populations, are consistent
with the idea that a plus-end kinesin motor binds tightly to
only plus-end vesicles, while the minus-end motor binds to
both vesicle populations via an interaction with acidic
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phospholipids. It was logical to ask whether the localiza-
tion or binding of any known axoplasmic motor proteins
to the two vesicle populations is consistent with this inter-
pretation of the results. Using a biochemical approach, we
tested the hypothesis that kinesin is tightly bound only to
plus-end vesicles, while cytoplasmic dynein binds to both
vesicle populations. The experiments were focused on ki-
nesin and cytoplasmic dynein because they are the most
abundant and best characterized microtubule motors in
squid axoplasm.

It was reported previously that kinesin copurified with
KlI-extracted vesicles (53). Here, it was asked whether this
tightly bound kinesin is present only in the plus-end vesi-
cle population or in both the plus- and minus-end popula-
tions. When these two vesicle fractions are loaded on a gel
at equal protein concentrations, kinesin is associated pri-
marily with the purified plus-end vesicle fraction, not the
minus-end vesicle fraction (Fig. 2 B). The interpretation of
this result depends, however, on whether the two fractions
contained similar amounts of functional vesicles, not just
protein. We therefore determined the relative amounts of
vesicles in the two fractions by incubating each at the same
protein concentration with microtubules and AMP-PNP.
Incubations were performed in the presence of cytosol,
which had no effect on plus-end vesicle binding, but was
required for minus-end vesicle binding to microtubules.
Using video-DIC microscopy, we found that the numbers
of vesicles bound per length of microtubule was greater
for the minus-end vesicle fractions than for the purified
plus-end vesicle fractions (data not shown) confirming that
only the plus-end vesicles contain tightly bound kinesin.
The possibility that the particles that decorate the micro-
tubules were not vesicles but protein aggregates was ruled
out by the observation that these particles were solubilized
by 1% Triton X-100, and by the finding that the tightly
bound kinesin copurifies with the vesicles during flotation
experiments (see below and Fig. 7 A).

Classical kinesin is unlikely to be the only plus-end mo-
tor in squid axoplasm. In addition, it is possible that those
vesicles that carry tightly bound kinesin represent only a
subpopulation of the purified plus-end vesicle fraction.
Recently, we identified several kinesin-related proteins,
defined by cross-reactivity with pan-kinesin antibodies
and nucleotide-dependent binding to microtubules (Mure-
san, V., and B.J. Schnapp, unpublished results), which like
classical kinesin, remain associated with vesicles upon KI
extraction (see Fig. 3 B). The question of whether these
other kinesin motors are likewise restricted to the purified
plus-end vesicle population is under investigation.

In summary, these experiments suggest that minus-end
vesicles lack a tightly bound kinesin, consistent with mod-
els that invoke specific targeting of plus-end motors to an-
terograde but not retrograde vesicles. The next question
we wished to address was whether the presumed minus-
end vesicle motor, cytoplasmic dynein, interacts preferen-
tially with the minus-end vesicles or equally well with both
plus- and minus-end populations.

Binding of Cytoplasmic Dynein to Isolated Vesicles
and Liposomes

Initial experiments indicated that Western blotting was

390



B Silver C « Figure 6. Use of Coomassie
Silver . ..
Blot and silver staining to detect

1 o Blot . . . .
Dynein = g - o ! : cytoplasmic dynein in squid
3 Dynein =» ’-u L |
- - o i~
D .
2

;4T

axoplasmic cytosol and unex-
tracted vesicles. The protein
band presumed to be cyto-
plasmic dynein heavy chain
(short arrows) in axoplasmic

208 - 208 -

3 g

UV-V;
1

' v cytosol (A and B) and unex-
tracted vesicle fractions (C)
binds to microtubules in a
S W nucleotide-dependent man-

= ner (A), is cleaved by UV-V;
UV-V; -+ treatment (B), and cross-
1 2 3 reacts with a polyclonal anti-

body to a conserved domain

of cytoplasmic dynein heavy chain (JR61; A-C). (A) Nucleotide-dependent microtubule binding of cytoplasmic dynein. Axoplasmic cyto-
sol (combined fractions $2, and S2;; lane 1) was incubated with microtubules in the presence of AMP-PNP (52). Microtubules with
bound proteins (lane 3) were separated from unbound proteins (lane 2) by centrifugation, and were extracted with ATP. Released pro-
teins are shown in lane 4. The blot at right, probed with an anti-cytoplasmic dynein antibody (JR61), identifies immunologically the high
molecular mass protein that binds to microtubules as cytoplasmic dynein heavy chain. (B) UV-V; cleavage of cytoplasmic dynein. Axo-
plasmic cytosol was UV-irradiated in the absence (lane 2) or presence (lane 3) of 20 uM V, and analyzed by SDS-PAGE (Coomassie
and silver staining of the transferred gel; left lanes) or Western blotting for cytoplasmic dynein (JR61 antibody, right lanes). An ATP re-
lease of bovine brain proteins bound to microtubules in the absence of nucleotides, containing cytoplasmic dynein, is shown in lane 1.
Note that squid cytoplasmic dynein heavy chain is cleaved into two fragments (long arrows; see also Fig. 7 D), the larger fragment being
still recognized by the anti-dynein antibody (long arrow in blot). The smaller cleavage fragment is obscured by a comigrating protein of
molecular mass ~200 kD. (C) Cytoplasmic dynein heavy chain is detected in gels stained with Coomassie and silver (left lane) and im-
munoblot (right lane, JR61 antibody) of unextracted vesicles. In all figures, the immunoblots correspond to the marked area (]) of the

gel. The position of the molecular mass marker of 208 kD is shown on the left.

not sufficiently sensitive to measure the amount of cyto-
plasmic dynein that rebinds to vesicles. It was possible,
however, to definitively identify cytoplasmic dynein heavy
chain directly in SDS-polyacrylamide gels stained with
Coomassie and silver (Fig. 6).

Since purified cytoplasmic dynein is unable to reconsti-
tute minus-end vesicle movement in squid axons (52), pre-
sumably because additional cytosolic factors, e.g., the dy-
nactin complex (20), are required, it was necessary to
examine the binding of cytoplasmic dynein from the cyto-
sol to the vesicle fractions. Vesicles were incubated with
cytosol and then separated from soluble, unbound pro-
teins by flotation on sucrose gradients.

This method was first tested with the mixed population
of Kl-extracted vesicles (Fig. 7 A). Vesicle-associated ki-
nesin and the vesicle marker synaptobrevin, i.e., VAMP
(3, 58), were recovered in the upper fraction, indicating
that the flotation assay worked as expected. In addition,
cytoplasmic dynein was detected in the upper fraction
(Fig. 7 A). Because cytoplasmic dynein was not detected in
the upper fractions when cytosol alone (i.e., in the absence
of KI-extracted vesicles) was centrifuged (Fig. 7 C), it can
be concluded that some Kl-extracted vesicles had rebound
this motor from the cytosol and carried it to the upper
layer. To determine which population(s) in the KI-extracted
vesicle fraction bound cytoplasmic dynein from cytosol,
similar flotation experiments were performed on the puri-
fied vesicle populations (Fig. 7 B). Cytoplasmic dynein was
carried into the upper layer of the gradients by flotation
when either plus- or minus-end populations were incu-
bated in the presence of cytosol, indicating that cytoplas-
mic dynein binds to both purified plus-end and minus-end
vesicles. To determine whether this ability of KI-extracted

Muresan et al. Transport of Squid Axon Vesicles

vesicles to rebind cytoplasmic dynein from cytosol in-
volved membrane proteins, trypsin-treated, KI-extracted
vesicles were incubated with cytosol and subjected to flo-
tation (Fig. 7 C). Again, cytoplasmic dynein cofractionated
with the vesicles in the upper fraction (Fig. 7 C), indicating
that binding of the cytoplasmic dynein from cytosol is in-
sensitive to protease treatment. Taken together, the re-
sults of these biochemical experiments are consistent with
the data from in vitro motility assays; both suggest that cy-
toplasmic dynein interacts with plus- and minus-end vesi-
cles by a lipid-binding mechanism.

Similar biochemical experiments were performed to de-
termine directly whether cytoplasmic dynein from cytosol
binds to liposomes. Liposomes prepared from bovine
brain lipids (Fig. 7 C) or from phosphatidylglycerol (data
not shown) were incubated with cytosol and subsequently
separated from unbound proteins by flotation. A substan-
tial fraction of cytoplasmic dynein was recovered with the
liposomes (Fig. 7 C). These experiments are consistent
with earlier reports that purified cytoplasmic dynein binds
to acidic liposomes (36). In the present case, however, pre-
liminary experiments (Muresan, V., and B.J. Schnapp, un-
published observations) indicate that other cytosolic fac-
tors, including components of the dynactin complex, also
bind to the liposomes. The participation of these and other
cytosolic components in the docking of cytoplasmic dynein
to vesicles and liposomes is currently under investigation,
but is outside the scope of the present report.

Several lines of evidence indicated that cytoplasmic dy-
nein is the motor that drives the minus end-directed
movement of liposomes, minus-end vesicles, and protease-
treated plus-end vesicles. First, such minus-end motility
was blocked by UV-V; treatment of the cytosol (Fig. 8 A),

391



A KI-V KI-V

No Cytosol +Cytosol No Cytosol

Dynein

Kinesin

VAMP

C KI-V/Try
+Cytosol

Dynein —
208 -

144 -

87 -

D

Liposomes
+Cytosol

| Dynein —» = '

Dynein |&8 !] Dynein —

Liposomes
+Cytosol UV-V; -+

Dynein |:- E

Cytosol

Dynein |_ -|
TMB

A

Figure 7. The minus end—directed motor, cyto-
plasmic dynein, binds to plus- and minus-end
vesicles, trypsin-treated vesicles, and liposomes.
(A) Interaction of kinesin and dynein with KI-
extracted vesicles (KI-V). Kl-extracted vesicles
were incubated without and with cytosol before
separation of vesicles from unbound proteins by
flotation on sucrose density gradients. Top (7),
middle (M), and bottom (B) fractions were col-
lected. In each fraction, cytoplasmic dynein was
detected in gels stained with Coomassie and sil-
ver, as shown in Fig. 6; kinesin heavy chain was
detected by Western blotting using a polyclonal
antibody (SK-394) to squid kinesin heavy chain;
vesicles were identified by Western blotting us-
ing an antibody against the integral membrane
protein synaptobrevin (VAMP). In the absence
of cytosol, cytoplasmic dynein is not evident on
KlI-extracted vesicles, while kinesin heavy chain
in the Kl-extracted vesicle fraction is carried
quantitatively to the upper fraction of the gradi-
ent, indicating that it is membrane bound. When
flotation is performed on Kl-extracted vesicles
incubated with cytosol, some dynein is carried to
the top layer in association with the vesicles.
VAMP staining indicates that secretory vesicles
are quantitatively recovered in the upper frac-
tion by this method. (B) Plus (V') and minus-
end (V) vesicles, which differ in their general
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protein composition and do not contain dynein in the absence of cytosol (left lanes), bind cytoplasmic dynein from the cytosol (right
lanes). The gel at right corresponds to the marked area (]) of the gel at the left. Only the top fractions (7) are shown. Positions of mo-
lecular mass markers (in kilodaltons) are indicated on the left. (C) Cytoplasmic dynein from cytosol cofractionates with trypsin-treated
KI-extracted vesicles (fop panel) and liposomes prepared from bovine brain lipids (middle panel). Cytoplasmic dynein remains in the
bottom fraction when flotation is performed on cytosol in the absence of vesicles or liposomes (lower panel). (D) Liposomes were sep-
arated by flotation after incubation with cytosol that was UV-irradiated in the presence or absence of V;. Note that the liposome-asso-
ciated protein presumed to be cytoplasmic dynein is cleaved by UV-V; treatment into two fragments (arrowheads), confirming its iden-
tity as cytoplasmic dynein heavy chain. Only the top fractions (7') are shown.

a procedure that cleaves and inactivates cytoplasmic dy-
nein (19) and blocks minus-end motility of KI-extracted
vesicles (52). UV-V, treatment had no effect on plus end-
directed bead movement (Fig. 8 A), suggesting that this
treatment was specific for the minus-end motor activity
(52). Second, a direct correlation was found between the
movement activity of liposomes and the amount of dynein
that sediments into the upper and lower cytosol fractions
(Fig. 8 B; see Materials and Methods and reference 52).
Third, all minus end-moving objects discussed in this pa-
per moved at the same velocity of 1.2-1.5 pm/s (data not
shown), suggesting that all are powered by a minus-end
motor with the same velocity as cytoplasmic dynein (52).

The flotation experiments with Kl-extracted vesicles
and liposomes showed that some cytoplasmic dynein
copurifies with the membranes (Fig. 7). The following ex-
periments indicated that vesicle-associated cytoplasmic
dynein rapidly exchanges with free, unbound dynein, and
that the constant presence of cytosolic factors is necessary
to sustain movement.

Kl-extracted vesicles and liposomes recovered by flota-
tion after incubation in cytosol (Fig. 7) had significantly
less minus-end movement activity than they had in the
presence of cytosol before flotation (data not shown). A
similar reduction in minus-end movement activity after
flotation was observed for unextracted vesicles (Table III),
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which contain cytoplasmic dynein and move potently to
microtubule minus ends in the absence of cytosol (Fig. 2).
These reductions in the minus-end vesicle movement ac-
tivity are unlikely to have been caused by loss or inhibition
of vesicles during flotation, since (a) the activity was re-
stored by the addition of cytosol to the vesicles after flota-
tion (Table III); and (b) plus-end vesicle movement activ-
ity of vesicles that were collected in upper fractions after
flotation was not significantly diminished (Table III). These
results indicate that the lifetime of the dynein—vesicle
complex is short compared to the interaction of vesicles
with the plus-end motor.

Discussion

This paper reports the isolation of plus- and minus-end
vesicle populations from squid axoplasm, as well as analy-
ses of their motile properties and their interactions with
motors. The strategy used to isolate these vesicle popula-
tions emerged from the recognition (53) that only minus-
end, but not plus-end, vesicle movement depended on the
continuous presence of cytosol. In the present paper, this
difference in cytosol dependency was exploited to purify
the plus-end vesicle population by microtubule affinity.
The results indicate that the isolated populations retain
their directional specificity in vitro. Thus, one population
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rived from two experiments using independent preparations of homogenized squid axoplasm. Error bars indicate SEM (two samples
were tested in each experiment). (B) Cytosolic fractions containing increasing amounts of cytoplasmic dynein promote increasing levels
of liposome movement activity. Squid axoplasm was homogenized and fractionated by centrifugation over a sucrose density gradient.
Fractions (52,-S25; see Materials and Methods) were collected from the top of the tube down to the 15% sucrose layer of the gradient,
and were analyzed by Western blotting for the presence of cytoplasmic dynein (JR61 antibody, upper lane) and for their ability to pro-
mote in vitro motility of phosphatidylglycerol liposomes (histogram). Only minus-end movement is shown. In no case were plus-end

moves >5% of the total.

moves exclusively to the plus ends of microtubules and the
other goes to the minus ends, even in the presence of cyto-
sol containing soluble motors of both polarities. Because
microtubules in squid axons are uniformly oriented (71), it
is likely that the plus- and minus-end vesicles correspond
to anterograde and retrograde vesicle populations in situ.
The availability of these two vesicle fractions enables the

Table HlI. Minus End—directed Motility Is Reversibly Lost
during Flotation of Squid Axon Vesicles

Movement activity X 10°
(moves per minute per micrometer microtubule)

Before flotation After flotation
No cytosol No cytosol Plus cytosol
Plus end Minus end* Plus end Minus end Plus end Minus end
69 + 10 132 +8 48+ 13 21 %5 47 £ 11 93 + 24

Unextracted vesicles (V* in Fig. 2) obtained by sedimentation on a sucrose density
gradient were separated by flotation from weakly bound proteins that cosedimented
with the vesicles during the first centrifugation. The motility of vesicles before and
after flotation was tested in vitro on microtubules of known polarity in the absence or
presence of cytosol. The minus end-directed motility of the vesicles was markedly
reduced after flotation, and this reduction correlated with a loss of vesicle-bound cy-
toplasmic dynein (data not shown). Minus-end vesicle motility was largely restored
by the addition of cytosol. Data were derived from two experiments using indepen-
dent preparations of homogenized squid axoplasm. Values show mean = SEM (two
samples were tested in each experiment). Differences in plus end—directed motility
between the three experimental conditions are not significant.

*Note that in these experiments, the preferred direction of movement of unextracted
vesicles was toward microtubule minus ends. In most cases, plus-end moves were
predominant (see Fig. 2 A).
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identification of factors that regulate the direction of vesi-
cle movement.

Evidence is presented that plus-end vesicles from squid
axons have tightly bound kinesin motors, but also associ-
ate with cytoplasmic dynein via a weak, salt labile interac-
tion that allows for free exchange with the soluble pool of
dynein. This interaction of plus-end vesicles with cytoplas-
mic dynein was documented in two independent ap-
proaches: (a) in motility assays by the observation that af-
ter proteolysis, plus-end vesicles, in cytosol, move to the
minus ends of microtubules (Fig. 3); and (b) in biochemi-
cal experiments that directly demonstrate the binding of
dynein from cytosol to plus- and minus-end vesicles (Fig. 7).
The additional observation that kinesin overrides cyto-
plasmic dynein (Fig. 5) when both motors are bound to
beads raises the possibility that a similar override mecha-
nism might explain why minus-end movement of plus-end
vesicles is not normally observed (Fig. 2 and Table I). This
idea would suggest that for squid axoplasmic vesicles, the
direction of vesicle movement may be regulated by the
presence or absence of a functional plus-end kinesin motor.

Tight Binding of Plus-end Kinesin Motors to
Plus-end Vesicles

It was shown previously that a small fraction of the total
axoplasmic kinesin heavy chain copurified with KI-extracted
vesicles (53) and was not extracted with either carbonate
buffer at pH 11.3, 1 M KI, or 1 M NaCl. Here, it is shown
that this tightly bound kinesin is associated exclusively
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with the plus-end vesicles (Fig. 2 B). Preliminary results
indicate that in addition to kinesin heavy chain, other ki-
nesin-related proteins cosediment with KI-extracted vesi-
cles. This suggests that the purified plus-end vesicle frac-
tion might consist of subpopulations of vesicles, each of
which carries a distinct, tightly bound, kinesin-related mo-
tor. The idea that different kinesin motors interact with
distinct vesicle populations has been suggested from recent
studies in the mouse of novel kinesin-related proteins that
participate in anterograde axonal transport (31, 41, 44, 45).

Several groups have investigated the rebinding of solu-
ble native (49, 57, 73) or recombinant (57) kinesin to salt-
or carbonate-extracted microsomal membrane fractions.
Such studies indicate saturable binding with a Ky in the
range of 10-50 nM, suggesting that the membrane-bound
kinesin exchanges with the soluble pool. How can these
measurements be reconciled with the tight binding we ob-
serve with squid axon vesicles? It is possible that there are
two modes of binding. The exchangeable binding measured
in the rebinding experiments may serve to recruit kinesin
motors to the vesicle surface, while a separate mechanism
makes the interaction permanent. A second possibility is
that the different conclusions reflect differences in the ves-
icle fractions that were investigated. The rebinding studies
examined crude membrane fractions that were likely to
contain ER, Golgi, constitutive and regulated secretory
vesicles, and compartments of the endocytic pathway. Our
studies focus on two relatively homogenous vesicle popu-
lations. A third possibility is suggested by the fact that the
kinesin heavy chain can presumably interact with a diverse
population of alternatively spliced light chain isoforms (4,
13). Thus, there potentially exists a large number of differ-
ent kinesin heavy chain motors, each distinguished by a
specific set of light chain isoforms. It is possible that the
tight-binding mechanism applies to only a subset of the na-
tive kinesin motors in the cell. Consistent with this pro-
posal is that the kinesin which we observe to be tightly
associated with the purified plus-end vesicles is a small
fraction (~1%) of the total axoplasmic kinesin heavy chain,
most of which is soluble (53).

The Interaction of Cytoplasmic Dynein with

Lipid Bilayers

The evidence presented in this and previous papers (11,
47, 52, 56, 62) suggests that cytoplasmic dynein is the main
motor for minus-end vesicle movement, although the limi-
tations of in vitro motility assays and the lack of specific,
high affinity antibodies still leave open the question of
whether cytoplasmic dyneins are the only minus-end vesi-
cle motors. Recent studies (35, 36) provided evidence that
purified cytoplasmic dynein exhibits saturable binding,
with a K in the range of 20-80 nM, to liposomes contain-
ing acidic phospholipids or to isolated synaptic vesicles
that have been stripped of their membrane proteins. This
binding involves electrostatic interactions, as determined
by its sensitivity to NaCl, and by the dependence of bind-
ing on the acidity of the phospholipid head group. These
earlier studies, however, did not resolve two key ques-
tions: Does dynein promote movement of liposomes? Is
this interaction of physiological significance, i.e., does it
occur within the natural environment of the cell?
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The results reported here address these two issues by
showing that cytosol promotes the minus end-directed
movement of acidic liposomes (Fig. 4 and Table II) or pro-
tease-treated plus- and minus-end vesicles (Fig. 3). Al-
though the possibility still exists that another, yet undis-
covered minus-end motor(s) is present in squid axoplasm,
the results of several experiments are consistent with the
idea that most of the minus-end motility of both vesicles
and liposomes is caused by cytoplasmic dynein(s) (Figs. 7
and 8; see also reference 52).

Motility assays suggesting that cytoplasmic dynein inter-
acts functionally with both populations of vesicles and
with liposomes were confirmed by biochemical measure-
ments (Fig. 7). These biochemical experiments also indi-
cated that dynein binding to vesicles is weak. Previous
studies have shown that the dynein-lipid interaction is salt
labile (36). Since the squid motility buffer used in our ex-
periments contains >250 mM salt, it is not surprising that
significant amounts of both the vesicle-associated cyto-
plasmic dynein and the minus-end vesicle movement activ-
ity were lost during flotation of unextracted vesicles. It can
be inferred that under the high ionic strength conditions
that are present in squid axoplasm, soluble dynein, and
possibly other components of the minus-end motor ma-
chinery (e.g., the dynactin complex; 20), exchange rapidly
with the vesicle-bound motor, and the constant presence
of the cytosolic minus-end motor is necessary to sustain
movement.

The in vitro studies reported here indicate that the
strength of the interaction between cytoplasmic dynein
and lipid membranes depends on the acidity of the phos-
pholipid head group. It is possible that this dependency
could act in vivo to selectively target dynein or its docking
partners to specific membrane compartments. For exam-
ple, in the mammalian liver, the acidic lipid phosphati-
dylserine is located on the cytoplasmic surface of the
membrane bilayer (70) and is concentrated in the plasma
membrane, Golgi, and endocytic organelles, but less so in
the ER (70). It is also notable that lipids synthesized in phos-
phatidylinositol 3-kinase signaling pathways, e.g., PIP, PIP,
and PIP;, are among the most highly charged lipids in the
cell, and that activation of this pathway induces the retro-
grade delivery of membranes (9, 29, 39).

While there is now substantial data that certain motors,
e.g., cytoplasmic dynein and myosin-I (17, 36), bind di-
rectly to lipid bilayers in vitro, it is still unresolved whether
these interactions are physiologically relevant or whether
these interactions are one component in a hierarchy of in-
teractions that dock the motor to membranes. In the case
of cytoplasmic dynein, it will be particularly important to
establish whether components of the dynactin complex
also bind, directly or indirectly, to lipid bilayers and to
proteolyzed vesicles. The experiments reported here leave
open the possibility that the observed interactions of cyto-
plasmic dynein with plus-end vesicles, proteolyzed vesi-
cles, and liposomes involve other soluble components, in-
cluding the dynactin complex.

Regulation of the Direction of Vesicle Movement in the
Squid Giant Axon

Evidence presented here indicates that the minus-end mo-
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tor, cytoplasmic dynein, does not discriminate between
plus- and minus-end vesicles and binds to both vesicle
populations in an active form. The focus of regulation ap-
pears to be the plus-end kinesin motor. This idea is gener-
ally consistent with other studies. Data of ultrastructural
cytochemistry from axons of rat and mouse peripheral
neurons have shown that cytoplasmic dynein is localized
on both anterogradely and retrogradely transported or-
ganelles in vivo (27; see also reference 15), while kinesin is
associated only with anterogradely moving organelles
(26). These findings, like those reported here, suggest that
the membrane association of kinesin is regulated. In con-
trast, other studies have shown that in fish melanophores,
where pigment granules are transported in unison, both
dynein and kinesin were associated with the granules dur-
ing anterograde and retrograde transport cycles (43), and
it was proposed that the activity of the permanently bound
kinesin is regulated (24). Immunocytochemical studies of
vesicles cycling constitutively and bidirectionally between
the ER and Golgi complex in mammalian cells in culture
showed that these vesicles are always associated with kine-
sin (38), implying that kinesin must be inactivated during
organelle movement toward microtubule minus ends.

One way that the presence of a tightly bound kinesin
motor could determine the direction of vesicle movement
is by overriding the activity of vesicle-associated dynein.
There are two factors, discussed below, that could enable
kinesin to take over the movement of vesicles by overrid-
ing the activity of cytoplasmic dynein: (a) differences in
the duty ratios of these two motors; and (b) differences in
the affinity of these two motors for vesicle membranes.

Bead movement experiments (Fig. 5) indicate that un-
der certain conditions, the kinesin motor can override the
dynein motor when both are present on the same surface.
A reasonable explanation for this behavior is that com-
pared to dynein, the kinesin motor has a higher duty ratio;
i.e., it spends a greater fraction of its cycle time in a
strongly bound, force-generating state. Although the high
processivity of the kinesin motor is well established (5, 22,
30, 37), the mechanics of dynein-driven movement is
largely unknown. Certain properties of dynein-driven
movement suggest that it is less processive than kinesin.
First, vesicles moving to the plus-ends of microtubules vir-
tually never pause or dissociate before reaching the end of
the microtubule; minus end—directed movement of or-
ganelles and liposomes is jittery, and dissociation from the
microtubule is common. Second, cytoplasmic dynein wan-
ders over the surface of the microtubule (72) while kinesin
tracks along single protofilaments (18, 48). Although cyto-
plasmic dynein at limiting dilution was reported to pro-
mote continuous movement of microtubules for long dis-
tances (63), the small diffusion constant of microtubules
could have obscured the existence of prolonged release
events during movement (5, 30). Previous studies using a
microtubule gliding assay showed that a single kinesin can
overcome as many as 10 dyneins (63). On a 0.5-um vesicle
or bead, it would not be possible for more than 10 motors
to interact simultaneously with the microtubule surface
(7); these geometric constraints would therefore prevent
dyneins from overcoming kinesins if both motors were
uniformly bound to the bead at comparable densities.

Unlike kinesin motors, which are bound tightly to squid
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axon plus-end vesicles (Figs. 2 and 3 and reference 53), the
binding of cytoplasmic dynein to vesicles or liposomes is
weak and salt labile (Fig. 7 and Table I1I). This weak bind-
ing implies a substantial off-rate, and this is confirmed by
flotation studies that show that vesicles lose up to 80% of
their minus-end movement activity during a 90-min flota-
tion experiment (Table III). This short lifetime of the dy-
nein-vesicle complex would be expected to decrease fur-
ther the processivity of dynein-driven vesicle movement,
and may contribute to the ability of plus-end motors to
control the movement of plus-end vesicles in squid axons
despite the presence of cytoplasmic dynein on these vesicles.

An override mechanism is only one of several explana-
tions that could account for the observation that protease
treatment of purified plus-end vesicles from squid axons
causes these vesicles to move toward microtubule minus
ends in the presence of cytosol. The most obvious alterna-
tive possibility is that the cytoplasmic dynein that rebinds
to purified plus-end vesicles (Fig. 7) is inactive; trypsin
treatment may expose a cryptic dynein-binding site and/or
a vesicle-associated, dynein-activating mechanism that is
normally masked on the surfaces of native plus-end vesi-
cles. Such an explanation accommodates better the expec-
tation that membrane binding and activation will be medi-
ated by posttranslational events (such as phosphorylation)
of the motors themselves, of their membrane receptors, or
of accessory factors (1). There is evidence that phosphory-
lation of cytoplasmic dynein subunits modulates the asso-
ciation of this motor with membranes in a cell cycle-
dependent manner (42). In other studies, differential
phosphorylation of dynein polypeptides was observed be-
tween the total cellular pool of cytoplasmic dynein and the
pool that was being transported anterogradely with or-
ganelles in rat optic nerves. It was proposed that this dif-
ferential phosphorylation inactivates organelle-bound dy-
nein during fast anterograde axonal transport (15).

At the present time, there is insufficient data to distin-
guish between these different models that have been pro-
posed to explain how the direction of organelle movement
is regulated. It is also possible that different mechanisms
will operate in different situations. The override model
proposed here, while just a hypothesis, makes clear predic-
tions that can be tested. In future work, it will be necessary
to verify at an ultrastructural level the dual presence of cy-
toplasmic dynein and kinesin on individual organelles in
vivo and in vitro. High resolution tracking of vesicle motil-
ity will be required to detect whether a vesicle moving in
the plus-end direction also contains an active minus-end
motor (59). Elucidating the nature of the linkage between
motors and membranes is also a clear priority. Although
the interaction of kinesin and cytoplasmic dynein with tar-
get membranes is thought to be mediated by specific mo-
tor-docking proteins (69), there is only one candidate for
such a protein, kinectin (34, 60), and its function is still un-
certain.
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