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Abstract. Movements of membrane-bounded or-
ganelles through cytoplasm frequently occur along
microtubules, as in the neuron-specific case of fast ax-
onal transport. To shed light on how microtubule-
based organelle motility is regulated, pharmacological
probes for GTP-binding proteins, or protein kinases or
phosphatases were perfused into axoplasm extruded
from squid (Loligo pealei) giant axons, and effects on
fast axonal transport were monitored by quantitative
video-enhanced light microscopy. GTPyS caused con-
centration-dependent and time-dependent declines in
organelle transport velocities. GDPSS was a less po-
tent inhibitor. Excess GTP, but not GDP, masked the
effects of coperfused GTPyS. The effects of GTPyS
on transport were not mimicked by broad spectrum in-
hibitors of protein kinases (K-252a) or phosphatases
(microcystin LR and okadaic acid), or as shown ear-

lier, by ATPyS. Therefore, suppression of organelle
motility by GTPyS was guanine nucleotide-specific
and evidently did not involve irreversible transfer of
thiophosphate groups to protein. Instead, the data im-
ply that organelle transport in the axon is modulated
by cycles of GTP hydrolysis and nucleotide exchange
by one or more GTP-binding proteins. Fast axonal
transport was not perturbed by AlF,-, indicating that
the GTPyS-sensitive factors do not include hetero-
trimeric G-proteins. Potential axoplasmic targets of
GTP+S include dynamin and multiple small GTP-
binding proteins, which were shown to be present in
squid axoplasm. These collective findings suggest a
novel strategy for regulating microtubule-based
organelle transport and a new role for GTP-binding
proteins.

phase cells is to serve as tracks along which numerous

types of membrane-bounded organelles travel through
the cytoplasm. This class of intracellular motility is espe-
cially well developed in the axonal processes of neurons,
where vesicles containing secretory products and axolem-
mal proteins are carried anterogradely, toward microtubule
plus ends and the axon terminal, whereas those containing
endocytosed materials travel in the opposite, or retrograde,
direction (9, 18, 72, 76, 81). Organelles like mitochondria,
which do not participate directly in exocytic or endocytic
pathways, undergo bidirectional, microtubule-dependent
motility in axons (49). Collectively, these organelle move-
ments are known as fast axonal transport, and the motor pro-
teins, kinesin and dynein, are thought to be responsible, at
least in part, for the anterograde and retrograde components,
respectively (5, 55, 79).

Although organelles frequently undergo lengthy, uninter-
rupted, unidirectional excursions, the cell must have mecha-
nisms for regulating organelle traffic. In neurons, for example,
newly formed vesicles that are earmarked for anterograde
fast axonal transport must associate with appropriate micro-
tubules and plus end-directed motors in or near the cell body.

ONE of the principal functions of microtubules in inter-
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Subsequently, these vesicles must travel through the axon,
and be delivered to specific functional domains. There is evi-
dence that the retrograde motor, dynein, is transported to-
ward the axon terminal, presumably in an inactive form, by
anterogradely moving vesicles (30). It has been speculated,
therefore, that when such vesicles reach the axon terminal,
dynein becomes activated to direct retrograde organelle traf-
fic, and anterograde motors, such as kinesin, are decommis-
sioned (30). To account for the complexity of fast axonal
transport, the neuron must have mechanisms for starting and
stopping the movement of organelles, determining their di-
rection of travel relative to microtubule polarity, and turning
motor molecules on and off.

The present study was undertaken to examine how neurons
regulate fast axonal transport, a topic that previously had
been virtually unexplored. Recently acquired evidence that
GTP-binding proteins regulate membrane traffic at a variety
of steps prompted us to explore whether microtubule-based
organelle motility is also affected. This diverse group of fac-
tors encompasses numerous small (~18-25 kD) polypep-
tides (4, 24, 26) and heterotrimeric G-proteins (4, 23), as
well as a newly recognized family of proteins related to the
microtubule-stimulated GTPase, dynamin (12, 54, 61, 80,
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84). Several GTP-binding proteins are involved in regulating
the budding of vesicles and tubules from donor membranes,
and their targeting and fusion to specific acceptor mem-
branes. Included among this collection of GTP-binding pro-
teins are low molecular weight species, such as ARF (16, 68,
73) and several members of the rab group (11, 19, 20, 51, 58),
as well as heterotrimeric G proteins, at least some of which
are sensitive to pertussis toxin, and therefore belong to the
G or G, groups (2, 16, 38).

A second plausible mechanism for modulation of fast axo-
nal transport is through protein kinases or protein phospha-
tases. Roles for kinases and phosphatases in the regulation
of microtubule-based organelle motility have already been
established in one cell type, fish scale chromatophores. In
these cells, pigment granule dispersion along microtubules
is coupled to cAMP-stimulated phosphorylation of a 57-kD
protein, whereas pigment granule aggregation requires pro-
tein phosphatase 2B, a calcium-activated enzyme also known
as calcineurin (46, 47, 62-64, 75). There is also reason to
suspect that functional properties of microtubule motor pro-
teins are regulated by cycles of phosphorylation and dephos-
phorylation, as both the heavy and light chains of kinesin can
be phosphorylated in neurons (Elluru, R. G., K. K. Pfister,
G. S. Bloom, and S. T. Brady, unpublished results; Hollen-
beck, P. J., unpublished results) and nonneuronal cells
(Buster, D., M. Lohka, and J. M. Scholey, unpublished
results; Farshori, P. O., and D. Goode, unpublished results).
Regulatory mechanisms based on GTP and protein phos-
phorylation are not mutually exclusive. For example, signal
transduction by G-proteins can lead to downstream activa-
tion of protein kinases and phosphatases (14).

The experimental system used for the present study was
axoplasm extruded from squid giant axons. When observed
by video-enhanced light microscopy, extruded squid axo-
plasm can be seen to conduct vigorous, bidirectional, fast
axonal transport (6). Because these preparations lack a sur-
rounding plasma membrane, and a perfusion buffer that sup-
ports organelle motility along microtubules has been devel-
oped, it has been possible to define many biochemical
requirements and pharmacological properties of fast axonal
transport by systematically varying the composition of the
buffer (7, 8, 42). The discovery of kinesin (5, 78), in fact,
stemmed directly from perfusion studies of the nonhydrolyz-
able ATP analogue, 5-adenylylimidodiphosphate, or AMP-
PNP (41). In experiments described here, various probes for
GTP-binding proteins, and broad spectrum inhibitors of pro-
tein kinases or phosphatases were added to the perfusion
buffer, and the effects on organelle transport velocity were
monitored by quantitative video microscopy. Prior studies
have demonstrated the presence of such regulatory proteins
in squid axoplasm (22, 37, 82). The results of the current
studies imply that fast axonal transport is modulated by
cycles of GTP hydrolysis and nucleotide exchange by one or
more species of GTP-binding protein. Heterotrimeric G-pro-
teins apparently are not involved in this form of regulation,
but potential regulatory factors include dynamin and multi-
ple small GTP-binding proteins, whose presence in axo-
plasm was demonstrated in blotting experiments. No evi-
dence was found that the protein kinases and phosphatases
affected by the inhibitors play significant roles in regulating
microtubule-based organelle motility in the main body of the
axon.
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Materials and Methods

Axoplasm was extruded from giant axons that had been dissected out of
squid (Loligo pealei) (7), which were supplied by the Marine Resources
Department of the Marine Biological Laboratory (Woods Hole, MA). Ex-
truded axoplasmic segments, which typically were ~2 cm long and ~0.55
mm in diam, were mounted in specimen chambers fabricated from a pair
of no. 0 thickness coverslips (7). Preparations were observed by Nomarski
differential interference contrast microscopy using a 100X, 1.3 N.A.
planapochromatic objective on a Zeiss Axiomat (Carl Zeiss, Inc., Thorn-
wood, NY) interfaced with a Hamamatsu C1966 AVEC video system.
Preparations of extruded axoplasm were perfused with buffer X/2 (42), or
with buffer X/2 supplemented with any of the following experimental
probes: GTPvS, GDPBS (Boehringer Mannheim Biochemicals, Indi-
anapolis, IN or Sigma Chemical Co., St. Louis, MO); GDP, GTP (Sigma
Chemical Co.); AlFs™ (a mixture of AlCl; [Mallinckrodt Inc., St. Louis,
MO] and KF [Sigma Chemical Co.]); K-252a, microcystin LR (Calbiochem
Corp., La Jolla, CA); PKI peptide, a synthetic peptide that specifically in-
hibits protein kinase A (product number P-3294; Sigma Chemical Co.);
okadaic acid (gift from Dr. Philip Cohen, University of Dundee, Scotland).
All perfusion buffers contained 1 mM ATP (Sigma Chemical Co.). 20 ui
of experimental buffer was perfused into segments of extruded axoplasm,
which typically had a volume of ~5 ul. The concentrations of experimental
probes cited throughout the text and figures represent those in the buffers
before they were perfused into axoplasm. Final concentrations were ~80%
of the original values, as a result of dilution by the axoplasm. Before perfu-
sion and for ~40 min thereafter, velocity measurements were made for an-
terograde and retrograde transport. Postperfusion velocities were also de-
termined for organelles traveling along isolated microtubules of unknown
polarity located at axon peripheries. The velocity measurements were made
in real time directly on the video monitor with the aid of a Hamamatsu
C2117 Videomanipulator (42). The UTSTAT program (Academic Comput-
ing Services, University of Texas Southwestern Medical Center, Dallas,
TX) was used to compute least square regression lines and F tests.

Western blotting of axoplasm was performed as described earlier (8)
using an affinity-purified rabbit antidynamin antibody (gift from Drs. Chris
Burgess and Richard B. Vallee, Worcester Foundation for Experimental Bi-
ology, Shrewsbury, MA) made against a glutathione S-transferase/rat brain
dynamin fusion protein (12), and an alkaline-phosphatase labeled
secondary antibody. To detect small GTP-binding proteins, isolated axo-
plasm was subjected to SDS-PAGE (8), and resolved proteins were trans-
ferred from the gel to a nitrocellulose filter, which was then incubated in
[c-3?P]GTP in the presence of excess unlabeled GTP or ATP (40). A Mo-
lecular Dynamics phosphor imager interfaced with a Hewlett-Packard
Laserjet III printer was used to visualize radiolabeled bands and print
the results.

Results

As in our previous video studies of fast axonal transport in
extruded squid axoplasm, three distinct types of organelle
velocity measurements were made (8, 42). Within interior
regions of axoplasm, where microtubules were aligned par-
allel to the long axes of the axons with their plus ends facing
the distal ends of the segments (81), velocities were deter-
mined for both anterograde and retrograde fast axonal trans-
port. These two forms of transport are distinguished from
each other by the types of motile organelles that predominate
(18, 72, 76), and the motor molecules that apparently are
responsible for movement (56, 79). The third type of mea-
surement was of organelles moving along microtubules lo-
cated at axon peripheries. Having separated from the main
axoplasmic mass after buffer perfusion, the polarities of
these isolated microtubules could not be determined. Motil-
ity of organelles along peripheral microtubules are distin-
guished from microtubule-based movements in the axon in-
terior, because the interior, but not the periphery, contains
a dense meshwork of filaments and other structures that can
impede microtubule-based organelle transport.

468



Effects of Guanine Nucleotides

Axoplasm was perfused with buffer supplemented with
GTP+S or GDPgS, thiophosphorylated derivatives of GTP
or GDP, respectively. Both modified nucleotides can bind to
heterotrimeric and small GTP-binding proteins. Because
GTP~S is essentially nonhydrolyzable, it can maintain these
proteins in a condition analogous to the GTP-bound state
(23, 26). GTP4S is also a potent inhibitor of the microtu-
bule-stimulated GTPase activity of dynamin (70). Because
of these properties, thiophosphorylated guanine nucleotides
have become powerful tools for identifying intracellular
phenomena that are regulated by GTP-binding proteins.

As shown in Fig. 1, dose-dependent inhibition of organelle
transport rates was seen in extruded axoplasm over the
course of a 40-min exposure to either GTPyS or GDPSS. In
axons perfused with 0.25 mM GTP~S, average anterograde
and retrograde organelle velocities decreased to ~32% and
~43% of control levels, respectively. Higher concentrations
of GTPyS yielded similar effects (data not shown). A
smaller, but statistically significant (P < 0.05) inhibition of
anterograde and retrograde transport was induced by 0.1 mM
GTP~S, but no significant effects were observed at 0.05 mM
GTP~S. The effects of 0.8 mM GDPgS were similar to those
of 0.1 mM GTP+S, but no inhibition was observed at lower
GDPSS concentrations.

The extent to which organelle transport velocities were in-
hibited by the modified guanine nucleotides increased in a
time-dependent manner. Fig. 2 illustrates the kinetics of in-
hibition by 0.25 mM GTP~S for anterograde and retrograde
transport, and for organelle motility along isolated microtu-
bules located at axon peripheries. Inhibition of peripheral
transport was statistically significant (P <0.05), but less pro-
nounced than that observed for anterograde and retrograde
motility. When transport rates were extrapolated to 40 min
postperfusion, organelles in axons perfused with 0.25 mM
GTP+S moved along peripheral microtubules at 59 % of con-
trol velocities.

GTP~+S and GDP@S are supplied commercially as pow-
dered tetralithium and trilithium salts, respectively, and were
reconstituted to 100 mM solutions in buffer X/2 or water,
each containing 10% B-mercaptoethanol by volume. Conse-
quently, experimental perfusion buffers had concentrations
of lithium as high as 2.4 mM, and of 8-mercaptoethanol as
high as 0.08%. Perfusion buffers containing 4 mM lithium
and 0.1% [-mercaptoethanol, but lacking GTPyS and
GDPBS did not inhibit fast axonal transport (data not
shown). The inhibition documented in Figs. 1-4 (below) was
therefore induced by the thiophosphorylated guanine nucleo-
tides.

The steady-state GTP concentration in squid axoplasm has
been estimated to be ~0.5 mM (53). Perfusion of buffer into
extruded axoplasm dilutes all axoplasmic components not
present in the buffer to approximately one fifth of their levels
in the intact axon, or to ~0.1 mM in the case of GTP. Pre-
sumably, the effects of GTPyS and GDPSS were caused by
their having outcompeted the 0.1 mM endogenous GTP for
binding to targets that normally hydrolyze the naturally pres-
ent nucleotide. Consistent with this possibility, when ex-
truded axoplasm was coperfused with 0.25 mM GTP«S plus
either 1 mM GTP or GDP, the effects of GTPyS were
masked completely by the excess GTP, but not by the equal
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Figure 1. Dose-dependent inhibition of organelle motility by GTPyS
and GDPSS. Organelle velocities were measured after perfusion of
buffer X/2 alone, or buffer X/2 supplemented with various concen-
trations of GTP+yS or GDPSS. Data points show mean organelle ve-
locities for each condition at 40 min postperfusion (extrapolated
from time course data, such as those shown in Fig. 2). For each
condition, at least 15 observations from at least three different axo-
plasm preparations were used. Error bars indicate 95% confidence
intervals of the means. Statistically significant inhibition (P < 0.05)
was caused by 0.1 mM GTP~S, 0.25 mM GTP+S, and 0.8 mM
GDPgS for anterograde and retrograde transport.

excess of GDP. As can be seen in Fig. 3, GTP blocked the
effects of GTPyS for anterograde and retrograde transport,
as well as for organelle motility along peripheral microtu-
bules.

Perfusion of Protein Kinase and Protein
Phosphatase Inhibitors

Two compounds that suppress the activities of protein ki-
nases were tested, and the results are shown in Fig. 4. The
microbial alkaloid, K-252a, which potently inhibits protein
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Figure 2. Kinetics of inhibition of fast axonal transport by 0.25 mM GTP+S. After perfusion of buffer X/2 supplemented with 0.25 mM
GTPvS, time-dependent reductions in transport velocities were seen for organelles moving in axon interiors toward (Anterograde) and
away from (Retrograde) synaptic terminals, and along isolated microtubules located at the edges of axoplasm (Peripheral MT5). Control
axons were perfused with buffer X/2 alone. Each data point shown here represents a single measurement for either control or GTPyS-
treated axons. Slopes were calculated using the lease squares regression formula, and graphs on the right allow direct comparison of control
(dotted line) and GTPYS (solid line) data. Each graph shown here incorporates data obtained from at least six axoplasm preparations.
F tests indicated that the slopes for control and GTP#S are significantly different (P < 0001 for Anterograde and Retrograde; P < 001
for Peripheral MTs).
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Figure 3. Excess GTP, but not GDP, masks the inhibitory effects
of GTP4S. Organelle velocities were measured following perfusion
of buffer X/2 alone (Control), or buffer X/2 supplemented with the
following: 0.25 mM GTP%S, 0.25 mM GTPyS + 1 mM GTP, or
0.25 mM GTPyS + mM GDP. Shown here are the means and 95%
confidence intervals (error bars) for organelle velocities at 40 min
postperfusion (extrapolated from time course data, such as those
shown in Fig. 2). Coperfusion of GTPyS with a fourfold molar ex-
cess of GTP, but not GDP, protected organelle transport from the
typical inhibitory effects of GTP~S. Extrapolated mean velocities
for 0.25 mM GTP%S, and 0.25 mM GTPyS + 1 mM GDP were
significantly different from the control (P < 0.05). Raw data for
each condition include observations from at least three different
axoplasm preparations.
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Figure 4. Effects of protein kinase and protein phosphatase inhibi-
tors on anterograde and retrograde fast axonal transport. Organelle
velocities were measured after perfusion of buffer X/2 alone (Con-
trol), or buffer X/2 supplemented with the following inhibitors:
1 uM K-252a, which inhibits protein kinases A, C, and G (36);
1.4 uM PKI peptide, a synthetic peptide which inhibits protein ki-
nase A (13); and 5 uM microcystin-LR or 50 pM okadaic acid,
chemically unrelated compounds which cause nearly complete in-
hibition in vitro of protein phosphatases 1 and 2A at 1-2 nM, and
of protein phosphatase 2C at 1 uM (3, 14, 48). Shown here are the
means and 95% confidence intervals (error bars) for organelle ve-
locities at 40 min postperfusion (extrapolated from time course
data, such as those shown in Fig. 2). No significant inhibition of
organelle velocity was seen. Raw data for each condition included
observations from at least three different axoplasm preparations.

kinases A, C, and G (36), completely blocks effects of these
enzymes in cultured cells when present in tissue culture
medium at 50 nM to 1 uM. Within this concentration range,
K-252a has been reported to block NGF-dependent neurite
outgrowth (27, 50) and protein phosphorylation (27), and to
uncouple DNA synthesis from mitosis (77). In extruded axo-
plasm, however, organelle motility was unaffected by K-252a
at concentrations up to 1 ygM. In axons perfused with a 10-
fold higher level of K-252a, anterograde transport velocities
were reduced by ~30% (not shown), but at such a high con-
centration, the specificity of K-252a for protein kinases must
be questioned. 10 uM K-252a did not inhibit motility in the
retrograde direction or along isolated, peripheral microtu-
bules (not shown). PKI peptide, a 20-residue synthetic pep-
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tide that inhibits protein kinase A with a K, approximately
eightfold lower than that of K-252a (13, 36) was also intro-
duced into axoplasm, and failed to affect organelle motility
at a concentration of 1.4 uM.

To test whether protein phosphatases are involved in regu-
lation of fast axonal transport, two broad spectrum inhibitors
of these enzymes, microcystin LR and okadaic acid, were
perfused into extruded axons. Although chemically un-
related, these two compounds inhibit protein phosphatases
1 and 2A, and to a lesser extent, protein phosphatase 2B (3,
14, 48). Dramatic effects on protein phosphorylation (29),
morphology of the Golgi apparatus (44), and ER to Golgi
protein transport (15) have been noted in cultured cells
treated with 0.1-1 uM okadaic acid. Like the protein kinase
inhibitors, these protein phosphatase inhibitors had no ap-
parent effect on organelle motility, even at concentrations as
high as 5 uM for microcystin LR and 50 uM for okadaic acid
(Fig. 4).

These collective results suggest that fast axonal transport
is not regulated by cycles of phosphorylation and dephos-
phorylation mediated by protein kinases A, C, or G, and pro-
tein phosphatases 1, 2A, or 2B. Furthermore, they indicated
that inhibition by GTPyS was not caused by irreversible
transfer of the thiophosphate group to a component of the
transport machinery. A previous study with ATP4S also in-
dicated that protein thiophosphorylation does not alter fast
axonal transport in squid axoplasm under comparable condi-
tions (7).

Potential Targets for GTPyS

Proteins that are known to bind guanine nucleotides and have
been implicated in regulation of membrane traffic include
numerous heterotrimeric G-proteins and small GTP-bind-
ing proteins, as well as dynamin. Pertussis toxin-sensitive
G-proteins are known to be present in squid axoplasm (82),
and to test whether the effects of GTPyS on fast axonal trans-
port might be due to these or other G-proteins, axons were
perfused with AlF,-. This salt, which is formed by mixing
low concentrations (1-100 uM) of AICl; with higher con-
centrations (5-30 mM) of KF or NaF, mimics the effects of
GTP+S on all known heterotrimeric G-proteins, but does not
affect small GTP-binding proteins (34, 74). As shown in Fig.
5, AlF,~ did not inhibit fast axonal transport, implying that
binding of GTP+S to heterotrimeric G-proteins did not un-
derlie the inhibition of organelle motility by GTPyS.

Probes that uniquely affect the functions of small GTP-
binding proteins or dynamin have not yet been developed,
but methods for detecting these proteins are available. To de-
termine whether dynamin or small GTP-binding proteins are
present in squid axoplasm, nitrocellulose blots of elec-
trophoretically resolved axoplasm were probed with an anti-
body to dynamin (12), and with [«-*P]GTP, which binds
on blots to small GTP-binding proteins, but not to heterotri-
meric G-proteins (40). Fig. 6 illustrates that dynamin, and
multiple, electrophoretically distinct, small GTP-binding
proteins of ~25 kD are present in extruded squid axoplasm,
and therefore represent potential targets for GTPyS. The
small GTP-binding proteins were labeled by [-2P}GTP in
the presence of excess unlabeled ATP, but not in the presence
of excess unlabeled GTP.
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Figure 5. Aluminum fluoride does not inhibit fast axonal transport.
Organelle velocities were measured after perfusion of buffer X/2
alone (Control), or buffer X/2 supplemented with AlF,~ (100 uM
AICL plus 5 mM KF), which mimics the effects of GTPyS on het-
erotrimeric G-proteins, but not on other GTP-binding proteins (34,
74). Shown here are the means and 95% confidence intervals (error
bars) for organelle velocities at 40 min postperfusion (extrapolated
from time course data, such as those shown in Fig. 2). AlF,~ did
not inhibit transport velocities, implying that heterotrimeric G-pro-
teins were not the targets of GTPyS. Raw data for each condition
included observations from at least four different axoplasm prepa-
rations.

Discussion

Heterotrimeric G-proteins have long been known to mediate
signal transduction across the plasma membrane (4, 23).
Along with numerous small GTP-binding proteins (11), they
have been implicated more recently as important regulators
of exocytic and endocytic membrane traffic (4, 24, 26, 60).
Attention to these proteins in the context of membrane traffic
has focused largely on their roles in controlling how vesicles
bud from donor membranes, and are subsequently targeted
and fused to acceptor membranes. To cite just a few of many
currently known examples, ER to Golgi transport is appar-
ently regulated by a heterotrimeric G; or G, protein (16,
38), and the small GTP-binding proteins, ARF (16, 68, 73)
and rablb (58), whereas there is evidence that rab3a regu-
lates neurotransmitter secretion at axon terminals by a pro-
cess that involves reversible association of this small GTP-
binding protein with the outer surface of the synaptic vesicle
(19, 20, 51). In this report, we present evidence for a new and
distinct role for GTP-binding proteins in membrane traffic,
modulation of fast axonal transport.

Fast axonal transport requires the coordinated action of
several components, including transport tracks, molecular
motors, and regulatory factors. Direct evidence that micro-
tubules serve as the transport tracks came from video-
enhanced light microscopic studies of squid axoplasm (1, 6,
66), similar to those used for the experiments described
here. Subsequent studies using this approach led to the dis-
covery of kinesin, the first known motor protein for microtu-
bule-based organelle transport (5, 41, 78). Kinesin and an-
other microtubule-stimulated ATPase, cytoplasmic dynein,
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Figure 6. Small GTP-binding proteins and dynamin are present in
squid axoplasm. Nitrocellulose blots of isolated axoplasm were
probed with either antidynamin or [a-*?P]GTP. (4) Shown here
are a Coomassie blue-stained gel lane of unfractionated axoplasmic
proteins (left) and a corresponding Western blot stained with an-
tidynamin (right). Note the single immunoreactive dynamin band.
(B) Comparable blots were treated with [a-2P]JGTP, which de-
tects small GTP-binding proteins (40). Multiple labeled bands of
n 24 kD were seen when the incubation buffer was supplemented
with an excess (10 M) of unlabeled ATP (left), but the bands were
not observed when 10 uM unlabeled GTP was used (right). Molec-
ular weight markers (in kD) are indicated in the center of the figure.
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have since been studied extensively, and are considered to
move membranous structures toward microtubule plus and
minus ends, respectively, in a broad variety of cell types (17,
30-32, 39, 43, 45, 55-57, 65, 67, 78, 79, 83).

In contrast to the properties of the transport tracks and mo-
tors, the regulation of fast axonal transport, and microtu-
bule-based organelle motility in general, has been the sub-
ject of only a few studies. One such investigation revealed a
potential regulatory role for synapsin I, which when per-
fused into squid axoplasm led to undetectable, partial, or
complete inhibition of anterograde and retrograde transport,
depending upon its phosphorylation state. Complete sup-
pression of motility was caused only by fully dephosphory-
lated synapsin I. Inhibition of organelle motility in axon in-
teriors was not accompanied by inhibition along peripheral
microtubules, indicating that synapsin I was not directly
affecting the transport machinery (52).
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The only system in which transport regulation has been ex-
amined at greater length is fish scale chromatophores. These
cells conduct hormone-coupled cycles of pigment aggrega-
tion and dispersal along radially arranged microtubules, a
process that provides fish with the ability to regulate their
coloration. Pigment granule movements depend upon a 57-
kD protein, the phosphorylation state of which is controlled
by protein kinase A, and protein phosphatase 2B (calcineu-
rin). Granule dispersion occurs after phosphorylation of the
57-kD protein, while aggregation is linked to its dephosphor-
ylation (46, 47, 62-64, 75).

The experiments described here indicate that regulation of
fast axonal transport is quite different from regulation of pig-
ment granule movement in chromatophore cells. Inhibitors
of protein kinases or protein phosphatases implicated in pig-
ment granule motility exerted little or no effect on microtu-
bule-based organelle motility in squid giant axons. In con-
trast, GTPyS, and to a lesser extent, GDPSS, were found to
inhibit fast axonal transport. Several mechanisms may be
considered to explain the effects of the thiophosphorylated
guanine nucleotides. Foremost among them are interference
with the action of GTP-binding proteins, transfer of thio-
phosphate groups from nucleotide to protein, competitive
inhibition of ATP binding to microtubule motor proteins,
and metabolic poisoning. As described in the following para-
graphs, our collective data from this and two prior studies
(7, 42) favor the conclusion that the targets of the thiophos-
phorylated guanine nucleotides were GTP-binding proteins
other than those of the heterotrimeric G-protein class. The
mechanism of this inhibition does not appear to involve pro-
tein kinases A, C, or G, or protein phosphatases 1, 2A, or
2B acting downstream.

Organelle transport appears to be optimal when the rele-
vant GTP-binding proteins can complete cycles of GTP hy-
drolysis and nucleotide exchange. Nonhydrolyzable guanine
nucleotides, such as GTPyS or GDP@S, when perfused at
concentrations sufficient to compete successfully with en-
dogenous GTP in nucleotide exchange reactions, presum-
ably arrested the GTP-binding proteins at various stages of
a normal cycle. The effects of GTPyS appear competitive,
because the lowest concentration that detectably inhibited
transport (0.08 mM after perfusion) was estimated to be
slightly less than equimolar to the diluted pool of endoge-
nous GTP (~0.1 mM), and higher levels of GTPyS were
much more effective at reducing the velocities of motile or-
ganelles (see Fig. 1). The observation that 1 mM GTP, but
not GDP, prevented 0.25 mM GTP%S from inhibiting trans-
port (see Fig. 3) indicates that GTPyS acted upon targets
which require a hydrolyzable nucleotide to function prop-
erly. The hydrolyzable nucleotide in question must be GTP,
moreover, because ATP was always present at 1 mM, and un-
der those conditions ATPyS does not inhibit fast axonal
transport at concentrations below 2 mM (7).

The fact that GDPBS was a much weaker inhibitor than
GTP~S (see Fig. 1) suggests that triphosphates are normally
preferred over diphosphates in exchange fractions, a charac-
teristic of both heterotrimeric (21) and small GTP-binding
proteins (33). The kinetics of inhibition by GTPyS imply
that nucleotide exchange occurs slowly in isolated axoplasm,
although this may not reflect physiological rates everywhere
in the axon. Organelles often move continuously for long dis-
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tances in isolated axoplasm (6, 7), raising the possibility that
the primary sites at which GTP-binding proteins inhibit or-
ganelle motility are axonal extremities.

It is unlikely that the GTP+S effects were due to irreversi-
ble, inhibitory thiophosphorylation of proteins that are part
of the organelle transport machinery. Thiophosphorylated
proteins can be generated by protein kinases using ATPyS
as a substrate, and protein-bound thiophosphate groups are
highly resistant to removal by phosphatases (10, 25). Casein
kinase II can use ATP, ATP4S, or GTP as a substrate (28),
and might have been able to use GTP¥S as a thiophosphate
donor in the experiments described here. If that were possi-
ble, ATPyS should have been at least as effective as GTPyS
at inhibiting fast axonal transport, but GTP+S inhibits at a
20-fold lower concentration than ATPyS (7). Moreover,
thiophosphorylation of protein must have been very limited
in the present experiments because ATP, the preferred sub-
strate for protein kinases, was always present in substantial
excess over GTPyS. The fact that several broad spectrum
protein kinase or phosphatase inhibitors failed to affect or-
ganelle motility represents further evidence that protein
phosphorylation and dephosphorylation mediated by en-
zymes sensitive to the inhibitors tested do not appreciably
influence fast axonal transport (Fig. 4).

The GTP+S effects could not have resulted from competi-
tive inhibition of ATP binding to microtubule motor mole-
cules. Although the suitability of GTP4S as a substrate for
kinesin or dynein has not been reported, both GTP and
ATP~S have been examined. GTP can be hydrolyzed by
kinesin (39) and cytoplasmic dynein (71), it promotes
kinesin-dependent microtubule gliding (59), and it mini-
mally supports bidirectional organelle motility in squid axo-
plasm (42). Nevertheless, ATP is clearly the optimal sub-
strate for both enzymes, and was present in our perfusion
buffers in a fourfold molar excess to a GTPyS concentration
that caused maximum inhibition of organelle transport.
ATP~S barely supports microtubule gliding mediated by
kinesin or an axonemal dynein, though the latter can hydro-
lyze ATP~S with modest efficiency (69). As mentioned ear-
lier, ATPyS appears to be relatively inert in the axon, neither
supporting organelle motility on its own (42), nor inhibiting
the ability of ATP to promote fast axonal transport, except
when present in significant molar excess to ATP (7).

The possibility that GTP~S inhibited organelle motility by
interfering with energy metabolism can also be eliminated.
Prior studies demonstrated that 1 mM exogenous ATP sus-
tains fast axonal transport, even when the ability of the axon
to synthesize ATP is crippled by the addition of metabolic
inhibitors, such as 2 ,6-dinitrophenol (7). The most plausible
explanation for the results presented here is that GTP-
binding proteins were the direct targets of GTPvS, and the
mechanism of transport inhibition by GTPys was indepen-
dent of protein kinases A, C, or G, or protein phosphatases
1, 2A, or 2B.

It must be emphasized that the results of this study do not
exclude other forms of regulation for fast axonal transport,
and are not necessarily incompatible with results of the fish
chromatophore studies (46, 47, 62, 63, 75). For example,
protein phosphorylation or dephosphorylation may be im-
portant for initiating fast axonal transport at the origin of the
axon, or halting motile organelles or reversing their direction
of transport at specific axonal sites. Protein-bound phos-
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phates that are relevant for organelle motility might normally
turn over slowly through most of the length of the axon. If
that were the case, our experiments with probes such as
K-252a, microcystin-LR, and okadaic acid would not have
revealed the importance of such posttranslational modifica-
tions. In addition, the inhibitors used did not affect all classes
of kinases and phosphatases, so other types may be involved
in regulating fast axonal transport.

The exact GTP-binding proteins which influence fast ax-
onal transport remain to be determined. They are unlikely to
include heterotrimeric G-proteins (4, 23), because AlF,-,
a specific probe for proteins of this class (34, 74), did not
affect microtubule-based transport in the axon (see Fig. 5).
The most promising candidates include those which were de-
tected on blots of axoplasm (see Fig. 6): small GTP-binding
proteins (4, 24, 26) and the microtubule-stimulated GTPase,
dynamin (54, 71). The small GTP binding proteins detected
in axoplasm were ~25 kD, in the size range of some of the
rab proteins, but generally higher in molecular weight than
the ras or ARF proteins (35). In light of the evidence pre-
sented here, a basis for identifying the GTP-binding proteins
that modulate organelle motility along microtubules, and
characterizing their mechanisms of action has now been es-
tablished.

We would like to thank Drs. Dick Anderson, Tom Carmody, Al Gilman,
Elliot Ross, Paul Sternweiss, and Tom Siidhof for invaluable discussions
and advice; Drs. Chris Burgess and Richard Vallee for providing antidyna-
min; Dr. Philip Cohen for providing okadaic acid; and the MBL Depart-
ment of Marine Resources for supplying squid.

This work was supported by grants from the National Institutes of Health
(NS23868 and NS30485) and the Robert A. Welch Foundation (I-1077).

Received for publication 16 July 1992 and in revised form 1 October 1992.

References

1. Allen, R. D., J. Metuzals, 1. Tasaki, S. T. Brady, and S. Gilbert. 1982.
Fast axonal transport in squid giant axon. Science (Wash. DC). 218:
1127-1129.

2. Barr, F. A, A. Leyte, S. Mollner, T. Pfeuffer, S. A. Tooze, and W. B.
Huttner. 1991. Trimeric G-proteins of the trans-Golgi network are in-
volved in the formation of constitutive secretory vesicles and immature
secretory granules. FEBS (Fed. Eur. Biochem. Soc.) Lett. 294:239-243.

3. Bialojan, C., and A. Takai. 1988. Inhibitory effect of a marine-sponge
toxin, okadaic acid, on protein phosphatases. Specificity and kinetics.
Biochem. J. 256:283-290.

4. Bourne, H. R., D. A. Sanders, and F. McCormick. 1990. The GTPase su-
perfamily: a conserved switch for diverse cell types. Nature (Lond.).
348:125-132.

5. Brady, S. T. 1985. A novel brain ATPase with properties expected for the
fast axonal transport motor. Nature (Lond.). 317:73-75.

6. Brady, S. T., R. J. Lasek, and R. D. Allen. 1982. Fast axonal transport
in extruded axoplasm from squid giant axon. Science (Wash. DC). 218:
1129-1131. )

7. Brady, S. T., R. J. Lasek, and R. D. Allen. 1985. Video microscopy of
fast axonal transport in extruded axoplasm: a new model for study of mo-
lecular mechanisms. Cell Motil. 5:81-101.

8. Brady, S. T., K. K. Pfister, and G. S. Bloom. 1990. A monoclonal antibody
against kinesin inhibits both anterograde and retrograde fast axonal trans-
port in squid axoplasm. Proc. Natl. Acad. Sci. USA. 87:1061-1065.

9. Burton, P. R., and J. L. Page. 1981. Polarity of axoplasmic microtubules
in the olfactory nerve of the frog. Proc. Natl. Acad. Sci. USA. 78:
3269-3273.

10. Cassidy, P., P. E. Hoar, and W. G. L. Kerrick. 1979. Irreversible
thiophosphorylation and activation of tension in functionally skinned rab-
bit ileum strips by [**S]JATP+S. J. Biol. Chem. 254:11148-11153.

11. Chavrier, P., R. G. Parton, H. P. Hauri, K. Simons, and M. Zerial. 1990.
Localization of low molecular weight GTP binding proteins to exocytic
and endocytic compartments. Cell. 62:317-329.

12. Chen, M. S., R. A. Obar, C. C. Schroeder, T. W. Austin, C. W. Poodry,
S. C. Wadsworth, and R. B. Vallee. 1991. Multiple forms of dynamin
are encoded by Shibire, a Drosophila gene involved in endocytosis. Na-
ture (Lond.). 351:583--586.

474



19.

20.

21.

22.

23.
24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

41.

. Cheng, H.-C., B. E. Kemp, R. B. Pearson, A. J. Smith, L. Miscon, S. M.

Van Patten, and D. A. Walsh. 1986. A potent synthetic peptide inhibitor
of the cAMP-dependent protein kinase. J. Biol. Chem. 261:989-992.

. Cohen, P., S. Klummp, and D. L. Schelling. 1989. An improved procedure

for identifying and quantifying protein phosphatases in mammalian tis-
sues. FEBS (Fed. Eur. Biochem. Soc.) Lert. 250:596-600.

. Davidson, H. W., C. H. McGowan, and W. E. Balch. 1992. Evidence for

the regulation of exocytic transport by protein phosphorylation. J. Cell
Biol. 116:1343-1355.

. Donaldson, J. G., R. A. Kahn, J. Lippincott-Schwartz, and R. D. Klausner.

1991. Binding of ARF and beta-COP to Golgi membranes— possible
regulation by a trimeric G-protein. Science (Wash. DC). 254:1197-1199.

. Euteneuer, U., K. B. Johnson, and M. Schliwa. 1989. Photolytic cleavage

of cytoplasmic dynein inhibits organelle transport in Reticulomyxa. Eur.
J. Cell Biol. 50:34-40.

. Fahim, M. A., R. J. Lasek, S. T. Brady, and A. J. Hodge. 1985. AVEC-

DIC and electron microscopic analyses of axonally transported particles
in cold-blocked squid giant axons. J. Neurocytol. 14:689-704.

Fischer von Mollard, G., G. A. Mignery, M. Baumert, M. S. Perin, T. J.
Hanson, P. M. Burger, R. Jahn, and T. C. Siidhof. 1991. Rab3 is a small
GTP-binding protein exclusively localized to synaptic vesicles. Proc.
Natl. Acad. Sci. USA. 87:1988-1992.

Fischer von Mollard, G., T. C. Siidhof, and R. Jahn. 1991. A small GTP-
binding protein dissociates from synaptic vesicles during exocytosis. Na-
ture (Lond.). 349:79-81.

Florio, V. A., and P. C. Sternweiss. 1989. Mechanisms of muscarinic
receptor action on G, in reconstituted phospholipid vesicles. J. Biol.
Chem. 264:3909-3915.

Floyd, C. C., P. Grant, P. E. Gallant, and H. C. Pant. 1991. Principal
neurofilament-associated protein kinase in squid axoplasm is related to
casein kinase 1. J. Biol. Chem. 266:4987-4994.

Gilman, A. G. 1987. G proteins: transducers of receptor-generated signals.
Annu. Rev. Biochem. 56:615-649.

Goud, B., and M. McCaffrey. 1991. Small GTP-binding proteins and their
role in transport. Curr. Opin. Cell Biol. 3:626-633.

Gratecos, D., and E. H. Fischer. 1974. Adenosine 5'-O(3-thiotriphosphate)
in the control of phosphorylase activity. Biochem. Biophys. Res. Com-
mun. 58:960-967.

Hall, A. 1990. The cellular functions of small GTP-binding proteins.
Science (Wash. DC). 249:635-640.

Hashimoto, S. 1988. K-252a, a potent protein kinase inhibitor, blocks nerve
growth factor-induced neurite outgrowth and changes in the phosphoryla-
tion of proteins in PC12h cells. J. Cell Biol. 107:1531-1539.

Hathaway, M. G., and J. A. Traugh. 1982. Casein kinases — multipotential
protein kinases. Curr. Top. Cell Regul. 21:101-127.

Haystead, T. A.J., A. T. R. Sim, D. Carling, R. C. Honnor, Y. Tsukitani,
P. Cohen, and D. G. Hardie. 1989. Effects of the tumor promoter okadaic
acid on intracellular protein phosphorylation and metabolism. Nature
(Lond.). 337:78-81.

Hirokawa, N., R. Sato-Yoshitake, T. Yoshida, and T. Kawashima. 1990.
Brain dynein (MAPI1C) localizes on both anterogradely and retrogradely
transport membranous organelles in vivo. J. Cell Biol. 111:1027-1037.

Hirokawa, N., R. Sato-Yoshitake, N. Kobayashi, K. K. Pfister, G. S.
Bloom, and S. T. Brady. 1991. Kinesin associates with anterogradely
transported membranous organelles in vivo. J. Cell Biol. 114:295-302.

Hollenbeck, P. J., and J. A. Swanson. 1990. Radial extension of macro-
phage tubular lysosomes supported by kinesin. Nature (Lond.).
346:864-866.

Kabcenell, A. K., B. Goud, J. K. Northup, and P. J. Novick. 1990. Binding
and hydrolysis of guanine nucleotides by Sec4p, a yeast protein involved
in the regulation of vesicular traffic. J. Biol. Chem. 265:9366-9372.

Kahn, R. A. 1991. Fluoride is not an activator of the smaller (20-25 kDa)
GTP-binding proteins. J. Biol. Chem. 266:15595-15597.

Kahn, R.A., C. Goddard, and M. Newkirk. 1988. Chemical and immuno-
logical characterization of the 21-kDa ADP-ribosylation factor of adenyl-
ate cyclase. J. Biol. Chem. 263:8282-8287.

Kase, H., K. Iwahashi, S. Nakanishi, Y. Matsuda, K. Yamada, M. Taka-
hashi, C, Murakata, A.Sato, and M. Kaniko. 1987. K-252 compounds,
novel and potent inhibitors of protein kinase C and cyclic nucleotide-
dependent protein kinases. Biochem. Biophys. Res. Commun. 142:436-
440.

Krinks, M. H., C. B. Klee, H. C. Pant, and H. Gainer. 1988. Identification
and quantification of calcium-binding proteins in squid axoplasm. J. Neu-
rosci. 8:2172-2182.

Ktistakis, N. T., M. E. Linder, and M. G. Roth. 1992. Action of brefeldin-
A blocked by activation of a pertussis toxin-sensitive G-protein. Nature
(Lond.). 356:344-346.

Kuznetsov, S. A., and V. I. Gelfand. 1986. Bovine brain kinesin is a
microtubule-activated ATPase. Proc. Natl. Acad. Sci. USA. 83:8530-
8534.

. Lapetina, E. G., and B. R. Reep. 1987. Specific binding of [a-**P]GTP to

cytosolic and membrane-bound proteins of human platelets correlates
with the activation of phospholipase C. Proc. Natl. Acad. Sci. USA. 84:
2261-2265.

Lasek, R. J., and S. T. Brady. 1985. Attachment of transported vesicles
to microtubules in axoplasm is facilitated by AMP-PNP. Nature (Lond.).

Bloom et al. GTPvS Inhibits Organelle Transport on Microtubules

42.

43,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

475

316:645-647.

Leopold, P. L., R. Snyder, G. S. Bloom, and S. T. Brady. 1990. Nucleo-
tide specificity for the bidirectional transport of membrane-bounded or-
ganelles in isolated axoplasm. Cell Motil. Cytoskel. 15:210-219.

Lin, S. X. H., and C. A. Collins. 1992. Immunolocalization of cytoplasmic
dynein to lysosomes in cultured cells. J. Cell Sci. 101:125-137.

. Lucocq, J., G. Warren, and J. Pryde. 1991. Okadaic acid induces Golgi

apparatus fragmentation and arrest of intracellular transport. J. Cell Sci.
100:753-759.

Lye, R. J., M. E. Porter, J. M. Scholey, and J. R. McIntosh. 1987.
Identification of a microtubule-based cytoplasmic motor in the nematode
C. elegans. Cell. 51:309-318.

Lynch, T.J., J. D. Taylor, and T. T. Tchen. 1986. Regulation of pigment
organelle translocation. I. Phosphorylation of the organelle-associated
protein p57. J. Biol. Chem. 261:4204-4211.

Lynch, T.J., J. D. Taylor, B.-Y. Wu, and T. T. Tchen. 1986. Regulation
of pigment organelle translocation. I. Participation of a cAMP-dependent
protein kinase. J. Biol. Chem. 261:4212-4216.

MacKintosh, C., K. A. Beattie, S. Klumpp, P. Cohen, and G. A. Codd.
1990. Cyanobacterial microcystin-LR is a potent and specific inhibitor of
protein phosphatases 1 and 2A from both mammals and higher plants.
FEBS (Fed. Eur. Biochem. Soc.) Lett. 264:187-192.

Martz, D., R. J. Lasek, S. T. Brady, and R. D. Allen. 1984. Mitochondrial
motility in axons: organelles may interact with the force generating sys-
tem through multiple surface binding sites. Cell Motil. 4:89-101.

Matsuda, Y., and J. Fukuda. 1988. Inhibition by K-252a, a new inhibitor
of protein kinases, of nerve growth factor-induced neurite outgrowth of
chick embryo dorsal root ganglion cells. Neurosci. Lest. 87:11-17.

Matteoli, M., K. Takei, R. Cameron, P. Hurlbut, P. A. Johnston, T. C.
Siidhof, R. Jahn, and P. De Camilli. 1991. Association of rab3a with syn-
aptic vesicles at late stages of the secretory pathway. J. Cell Biol. 115:
625-633.

McGuinness, T. L., S. T. Brady, J. A. Gruner, M. Sugimori, and R.
Llinas. 1989. Phosphorylation-dependent inhibition by synapsin I of or-
ganelle movement in squid axoplasm. J. Neurosci. 9:4138-4149.

Morris, J. R., and R. J. Lasek. 1982. Stable polymers of the axoplasmic
ghost. J. Cell Biol. 92:192-198.

Obar, R. A., C. A. Collins, J. A. Hammarback, H. S. Shpetner, and R. B.
Vallee. 1990. Molecular cloning of the microtubule-associated
mechanochemical enzyme dynamin reveals homology with a new family
of GTP-binding proteins. Nature (Lond.). 347:256-261.

Paschal, B. M., and R. B. Vallee. 1987. Retrograde transport by the
microtubule-associated protein MAP 1C. Nature (Lond.). 330:181-183.

Paschal, B. M., H. S. Shpetner, and R. B. Vallee. 1987. MAP IC is a
microtubule-activated ATPase which translocates microtubules in vitro
and has dynein-like properties. J. Cell Biol. 105:1273-1282.

Pfister, K. K., M. C. Wagner, D. A. Stenoien, S. T. Brady, and G. S.
Bloom. 1989. Monoclonal antibodies to kinesin heavy and light chains
stain vesicle-like structures, but not microtubules, in cultured cells. J.
Cell Biol. 108:1453-1463.

Plutner, H., A. D. Cox, S. Pind, R. Khosravi-Far, J. R. Bourne, R.
Schwaninger, C. J. Der, and W. E. Balch. 1991. Rab1b regulates vesicu-
lar transport between the endoplasmic reticulum and successive Golgi
compartments. J. Cell Biol. 115:31-43,

Porter, M. E., J. M. Scholey, D. L. Stemple, G. P. A. Vigers, R. D. Vale,
M. P. Sheetz, and J. R. MclIntosh. 1987. Characterization of the microtu-
bule movement produced by sea urchin egg kinesin. J. Biol. Chem. 262:
2794-2802.

Rothman, J. E., and L. Orci. 1992. Molecular dissection of the secretory
pathway. Nature (Lond.). 355:409-415.

Rothman, J. H., C. K. Raymond, T. Gilbert, P. J. O'Hara, and T. H.
Stevens. 1990. A putative GTP binding protein homologous to interferon-
inducible Mx proteins performs an essential function in yeast. Cell.
61:1063-1074.

Rozdzial, M. M., and L. T. Haimo. 1986. Bidirectional pigment granule
movements of metanophores are regulated by protein phosphorylation
and dephosphorylation. Cell. 47:1061-1070.

Rozdzial, M. M., and L. T. Haimo. 1986. Reactivated melanophore motil-
ity: differential regulation and nucleotide requirements of bidirectional
pigment granule transport. J. Cell Biol. 103:2755-2764.

. Sammak, P. J., S. R. Adams, A. T. Harootunian, M. Schliwa, and R. Y.

Tsien. 1992. Intracellular cyclic AMP, not calcium, determines the direc-
tion of vesicle movement in melanophores: direct measurement by
fluorescence ratio imaging. J. Cell Biol. 117:57-72.

Schnapp, B. J., and T. S. Reese. 1989. Dynein is the motor for retrograde
axonal transport of organelles. Proc. Natl. Acad. Sci. USA. 86:1548-
1552.

Schnapp, B. J., R. D. Vale, M. P. Sheetz, and T. S. Reese. 1985. Single
microtubules from squid axoplasm support bidirectional movement of or-
ganelles. Cell. 40:455-462.

Schroer, T. A., E. R. Steuer, and M. P. Sheetz. 1989. Cytoplasmic dynein
is a minus end-directed motor for membranous organelles. Cell.
56:937-946.

Serafini, T., L. Orci, M. Amherdt, M. Brunner, R. A. Kahn, and J. E.
Rothman. 1991. ADP-ribosylation factor Is a subunit of the coat of Golgi-
derived COP-coated vesicles—a novel role for a GTP-binding protein.



69

70.
71.

72.

73.

74.

75.
76.
71.

Cell. 67:239-253.

. Shimizu, T., K. Furusawa, S. Ohashi, Y. Y. Toyoshima, M. Okuno, F.

Malik, and R. D. Vale. 1991. Nucleotide specificity of the enzymatic and
motile activities of dynein, kinesin and heavy meromyosin, J. Cell Biol,
112:1189-~1197.

Shpetner, H. S., and R. B. Vallee. 1992. Dynamin is a GTPase stimulated
to high levels of activity by microtubules. Nature (Lond.). 355:733-735.

Shpetner, H. S., B. M. Paschal, and R. B. Vallee. 1988. Characterization
of the microtubule-activated ATPase of brain cytoplasmic dynein (MAP
1C). J. Cell Biol. 107:1001-1009.

Smith, R. S. 1980. The short term accumulation of axonally transported or-
ganelles in the region of localized lesions of single myelinated axons. J.
Neurocytol. 9:39-65.

Stearns, T., M. C. Willingham, D. Botstein, and R. A. Kahn. 1990. ADP-
ribosylation factor is functionally and physically associated with the
Golgi complex. Proc. Natl. Acad. Sci. USA. 87:1238-1242.

Sternweiss, P. C., and A. G. Gilman. 1982. Aluminum: a requirement for
activation of the regulatory component of adenylate cyclase by fluoride.
Proc. Natl. Acad. Sci. USA. 79:4888-4891.

Thaler, C. D., and L. T. Haimo. 1990. Regulation of organelle transport
in melanophores by calcineurin. J. Cell Biol. 111:1939-1948.

Tsukita, S., and H. Ishikawa. 1980. The movement of membranous or-
ganelles in axons. J. Cell Biol. 84:513-530.

Usui, T., M. Yoshida, K. Abe, H. Osada, K. Isono, and T. Beppu. 1991.

The Journal of Cell Biology, Volume 120, 1993

78.

79.

80.

81.
82.

83.

84.

Uncoupled cell cycle without mitosis induced by a protein kinase inhibi-
tor, K-252a. J. Cell Biol. 115:1275-1282.

Vale, R. D., T. S. Reese, and M. P. Sheetz. 1985. Identification of a novel
force-generating protein, kinesin, involved in microtubule-based motil-
ity. Cell. 42:39-50.

Vale, R. D., B. J. Schnapp, T. Mitchison, E. Steuer, T. S. Reese, and
M. P. Sheetz. 1985. Different axoplasmic proteins generate movement
in opposite directions along microtubules in vitro. Cell. 43:623-632.

van der Bliek, A. M., and E. M. Meyerowitz. 1991. Dynamin-like protein
encoded by the Drosophila shibire gene associated with vesicular traffic.
Nature (Lond.). 351:411-414,

Viancour, T. A., and D. §. Forman. 1987. Polarity orientations of microtu-
bules in squid and lobster axons. J. Neurocytol. 16:69-75.

Vogel, S.8., G. J. Chin, J. H. Schwartz, and T. S. Reese. 1991. Pertussis
toxin-sensitive G proteins are transported toward synaptic terminals in
fast axonal transport. Proc. Natl. Acad. Sci. USA. 88:1775-1778.

Wagner, M. C., K. K. Pfister, G. S. Bloom, and S. T. Brady. 1989.
Copurification of kinesin polypeptides with microtubule-stimulated Mg-
ATPase activity and kinetic analysis of enzymatic processes. Cell Motil.
Cytoskel. 12:195-215.

Yeh, E., R. Driscoll, M. Coltrera, A. Olins, and K. Bloom. 1991. A
dynamin-like protein encoded by yeast sporulation gene SPO15. Nature
(Lond.). 349:713-715.

476



