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Abstract. Axoplasmic vesicles were purified and ob-
served to translocate on isolated microtubules in an
ATP-dependent, trypsin-sensitive manner, implying
that ATP-binding polypeptides essential for force
generation were present on the vesicle surface. To
identify these proteins [a3?P]8-azidoadenosine 5'-
triphosphate ([a*2P}8-N3;ATP), a photoaffinity analogue
of ATP, was used. The results presented here identify
and characterize a vesicle-associated polypeptide hav-
ing a relative molecular mass of 292 kD that bound
[a*2P]8-N;ATP. The incorporation of label is ultravio-
let light-dependent and ATP-sensitive. Moreover, the
292-kD polypeptide could be isolated in association
with vesicles or microtubules, depending on the condi-
tions used, and the data indicate that the 292-kD poly-
peptide is similar to mammalian brain microtubule-
associated protein 2 (MAP 2) for the following
reasons: The 292-kD polypeptide isolated from either

squid axoplasm or optic lobe cross-reacts with antise-
rum to porcine brain MAP 2. Furthermore, it purifies
with taxol-stabilized microtubules and is released with
salt. Based on these characteristics, the 292-kD poly-
peptide is distinct from the known force-generating
molecules myosin and flagellar dynein, as well as the
110-130-kD kinesin-like polypeptides that have recently
been described (Brady, S. T., 1985, Nature (Lond.),
317773-75; Vale, R. D., T. S. Reese, and M. P. Sheetz,
1985b, Cell, 42:39-50; Scholey, J. M., M. E. Porter,
P. M. Grissom, and J. R. McIntosh, 1985, Nature
(Lond.), 318:483-486). Because the 292-kD polypep-
tide binds ATP and is associated with vesicles that
translocate on purified MAP-free microtubules in an
ATP-dependent fashion, it is therefore believed to be
involved in vesicle-microtubule interactions that pro-
mote organelle motility.

damental process characteristic of all cells. This pro-

cess has been well studied in the neuron because
membranous organelles must travel very long distances, up
to a meter or more in length, between the cell body and the
synaptic terminal. This process, called fast axonal transport,
is ATP-dependent, rapid (1-5 um/s), and selective. Newly
synthesized membranous organelles produced in the cell
body are transported in the orthograde direction toward the
nerve terminal. The organelles that are moving in the retro-
grade direction, however, are different in nature and are be-
ing transported from the synaptic terminal region back to the
cell body for degradation (reviewed in Grafstein and For-
man, 1980; Brady and Lasek, 1982; Weiss, 1982). The giant
axon of the squid Loligo pealei has been an important prepa-
ration for the study of the molecular basis of such organelle
transport. The axon is unmyelinated, up to 1 mm in diameter,
and 4-8 pl of axoplasm can be mechanically extruded away
from the surrounding plasma membrane and glial sheath
(Bear et al., 1937; Lasek, 1974). Moreover, the preparation
remains metabolically active for hours, accessible to sur-
rounding solutions for experimentation, and the organelle
motility can be observed directly using video-enhanced

DRECTED intracellular organelle movement is a fun-
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differential interference contrast microscopy (Brady et al.,
1982). These characteristics of the axoplasm from Loligo
pealei have enhanced the analysis of the relationship between
moving organelles and cytoskeletal transport filaments.
Recently, several reconstituted models have been devel-
oped to define and characterize the organelle-cytoskeletal in-
teractions that occur during fast axonal transport. Vesicles
isolated from the squid giant axon retained their ability to
translocate—in an ATP-dependent, trypsin-sensitive fash-
ion—when added back to extruded axoplasm (Gilbert and
Sloboda, 1984) or to microtubule-associated protein—free
microtubules (Gilbert et al., 1985). The microtubule sub-
strate supported bidirectional movement, and all the or-
ganelles moved at the same rate, ~2 pm/s. However, in a
related approach, vesicle motility reported by Vale et al.
(1985a) required the addition of soluble factors from squid
axoplasm. In contrast, the motility reported by Gilbert et al.
(1985) occurred in the absence of added proteins. These
results implied that the motility-promoting molecules could
be isolated in association with the vesicles or free in solu-
tion, depending upon the buffer conditions employed. In an-
other series of experiments it was noted that single transport
filaments and associated organelles were separated from the
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bulk of the axoplasm when the ionic conditions and osmolal-
ity of the axoplasm were decreased (Allen et al., 1985;
Schnapp et al., 1985). These transport filaments were shown
to be single microtubules, and these single microtubules
were motile (Allen et al., 1985; Vale et al., 1985a), that is,
they could translocate over a glass surface. Furthermore, this
translocation was ATP-dependent and sensitive to heat and
trypsin.

Lasek and Brady (1985) demonstrated that the nonhydro-
lyzable analogue of ATP, adenylyl imidodiphosphate (AMP-
PNP), when added to squid axoplasm promoted the attach-
ment of vesicles in solution to microtubules to form a stable
complex. This observation allowed Brady (1985) and Vale et
al. (1985b) to identify proteins from neuronal tissue that
bound microtubules with high affinity in the presence of
AMP-PNP. The protein purified from squid optic lobe and
axoplasm by Vale et al., called kinesin, had an apparent
molecular mass of ~600 kD and contained polypeptides of
110-120 and 60-70 kD. Although kinesin promoted the move-
ment of microtubules on glass and the movement of beads
along microtubules, an ATPase activity associated with the
protein was not demonstrated. In contrast, Brady (1985) cor-
related an ATPase activity with the presence of a polypeptide
from chick brain that bound to microtubules in the presence
of AMP-PNP; this molecule may be the vertebrate counter-
part to invertebrate kinesin. However, neither line of investi-
gation has demonstrated a direct interaction of kinesin-like
molecules with organelles that translocate on microtubules,
although the evidence suggests that this protein may be in-
volved. Furthermore, aithough movement in the axon is
bidirectional, motility due to the presence of kinesin is
unidirectional in vitro (from the minus to the plus end of mi-
crotubules, i.e., in the orthograde direction with respect to
the axon). Indeed, kinesin can be immunoprecipitated from
an axoplasmic homogenate, and a factor remains soluble that
can promote bead movement in the opposite direction (from
the plus end to the minus end, i.e., retrograde) (Vale et al.,
1985¢). Thus, more than one molecule may be responsible
for the bidirectional transport observed in axoplasm.

Because isolated axoplasmic vesicles were observed to
translocate on axonemal microtubules whose dynein arms
had been removed (Gilbert et al., 1985), it was assumed that
the ATP-binding proteins essential for vesicle motility were
present on the vesicle surface. In this paper, we identify the
ATP-binding polypeptides associated with purified axoplas-
mic vesicles using the photoaffinity analogue of ATP, [0*P]8-
azidoadenosine 5'-triphosphate ([a*?P]8-N;ATP). The pho-
toreactive azido analogues of nucleotides have been used to
identify the active site of ATPases such as the Na*K*-
ATPase of the erythrocyte membrane (Haley and Hoffman,
1974), the F1-ATPase of mitochondria (Wagenvoord et al.,
1977, Scheurich et al., 1978), the Ca**-ATPase of the sar-
coplasmic reticulum (Briggs et al., 1980), and the 12 S and
18 S dyneins of Chlamydomonas flagella (Pfister et al., 1984;
1985). Furthermore, 8-N;ATP has been used to identify the
ATP-binding polypeptides of type I protein kinase (Hoppe
and Freist, 1979) and the polypeptide associated with the
ATPase activity in bovine brain microtubule preparations
(Murphy et al., 1983). The preceding experiments have all
used purified or partially purified enzymes as substrates in
a photoaffinity labeling assay. Here, we take the unique ap-
proach of using the analogue as a diagnostic tool for the
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identification of ATP-binding molecules in a complex mix-
ture of proteins; those polypeptides that bind ATP may be
potentially important in the process of fast axoplasmic
transport.

In the experiments described here, a preparation of axo-
plasmic vesicles was isolated free of soluble proteins and ob-
served to translocate on isolated axonemal microtubules and
squid optic lobe microtubules. By using photoaffinity radio-
active labeling techniques, the ATP-binding proteins were
identified. The results presented indicate that a high molecu-
lar weight polypeptide is present in the vesicle preparation
that binds ATP and is recognized by antibodies directed
against porcine brain microtubule-associated protein 2
(MAP 2).! Furthermore, this polypeptide is distinct from
those that comprise the kinesin-like polypeptides isolated
from squid optic lobe and axoplasm (Vale et al., 1985b), bo-
vine and chick brain (Vale et al., 1985b; Brady, 1985), and
sea urchin eggs (Scholey et al., 1985). Because the MAP 2-
like ATP-binding protein can be isolated in association with
vesicles that translocate on isolated microtubules or with in
vitro assembled taxol-stabilized microtubules, it is a possible
candidate as a mediator of the vesicle-microtubule interac-
tions that occur during vesicle motility.

Materials and Methods

Squid (Loligo pealei) and sea urchins (Arbacia punctulata) were obtained
from the Department of Marine Resources, Marine Biological Laboratory,
Woods Hole, MA. Antiserum to squid optic lobe myosin and preimmune
serum were the generous gift of Drs. Karl R. Fath and Raymond J. Lasek,
Case Western Reserve University, Cleveland, OH. Rabbit antiserum to por-
cine brain MAP 2 was the generous gift of Dr. Harold Gainer, Laboratory
of Neurochemistry and Neuroimmunology, National Institute of Child
Health and Human Development, Bethesda, MD. Taxol was provided by Dr.
Matthew Suffness, Division of Cancer Treatment, National Institutes of
Health, Bethesda, MD. [a*’P]8-N;ATP was purchased at a specific activ-
ity of 11-13 Ci/mmol from ICN Biomedicals, Inc., Irvine, CA. Unlabeled
8-N3ATP was obtained from Sigma Chemical Co., St. Louis, MO. [a-*?P]
ATP was obtained at a specific activity of 3,000 Ci/mmol from New Engiand
Nuclear, Boston, MA or ICN Biomedicals, Inc.

Vesicle and Protein Purification

Vesicles were isolated from extruded axoplasm (5-8 ul per axon) obtained
from 12-14 giant axons of the squid Loligo pealei using discontinuous su-
crose gradient centrifugation as described previously (Gilbert and Sloboda,
1984). The resulting S0 mM, 250 mM, and 300 mM sucrose fractions were
pooled and concentrated to 200 pl using a Centricon-10 microconcentra-
tor (Amicon Corp., Danvers, MA). Although the 600 mM fraction con-
tained vesicles, this fraction was enriched with mitochondria (Gilbert and
Sloboda, 1984); therefore it was not included in the experiments reported
here. The pooled and concentrated vesicle fraction was next loaded onto a
Sephacryl S400 (Pharmacia Fine Chemicals, Inc., Piscataway, NJ) column
in a plastic disposable 5-ml pipette containing 4 ml of resin equilibrated at
4°C in vesicle buffer (250 mM sucrose, 100 mM KCl, 10 mM MgCl,,
1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml leupeptin, 0.1
mg/ml soybean trypsin inhibitor, 20 mM imidazole, pH 7.4). Fractions (200
pl) were collected and protein was determined using a spot assay (Bell et
al., 1982) and SDS PAGE. Fractions containing either vesicles or soluble
protein were pooled and concentrated using Centricon-10 microconcen-
trators.

Microtubules were prepared from freshly dissected squid optic lobes
using a modification of the taxol procedure of Vallee (1982). Optic lobes
were weighed and homogenized in a volume of PM buffer (100 mM Pipes,
pH 6.9, 4 mM EGTA, 5 mM MgSO,, 1 mM GTP, 1 mM phenylmethylsul-
fonyl fluoride) two times the wet weight of the optic lobes. The homogenate

1. Abbreviations used in this paper: [a**P}8-N;ATP, [a**P]8-azidoadeno-
sine 5'-triphosphate; MAP 2, microtubule-associated protein 2; NF,
neurofilament.
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was spun at 13,000 rpm for 30 min at 4°C in an SS34 rotor (Sorvall Instru-
ments Div., DuPont Co., Newton, CT). The supernatant was removed and
adjusted to 20 pM taxol. The preparation was incubated at 19°C for 30 min,
followed by centrifugation over a 20% sucrose cushion in PM buffer con-
taining 20 uM taxol (PM-taxol). The pellet was resuspended in PM-taxol,
and the microtubules were again centrifuged through a 20% sucrose cush-
ion. The pellet was resuspended in PM-taxol and adjusted to 1 M KCI by
adding one-half volume of 3 M KCl (in PM-taxol). The salted microtubule
preparation was spun over a sucrose cushion as described above. The pellet
was resuspended in PM-taxol, and the centrifugation through sucrose was
repeated. The pellet containing MAP-free microtubules was resuspended in
PM-taxol to a concentration of ~2 mg/ml. Aliquots of 200 pl were frozen
in liquid N; and stored at —70°C until use.

Axonemal microtubules were prepared from Arbacia spermatozoa and
dialyzed against low ionic strength buffer (1 mM Tris-HCl, pH 80, 0.1 mM
EDTA, 0.1% B-mercaptoethanol) for 24-48 h at 4°C to remove the dynein
arms (Gibbons and Rowe, 1965). The dialyzed axonemes were adjusted to
50 mM Tris-HCI, pH 80 and centrifuged at 17,000 rpm for 15 min at 4°C
in a Sorvall S834 rotor. The axonemes were washed one time with 30 mM
Tris-HCI, pH 7.5, 0.5 mM EDTA, 5 mM MgSO,. The supernatant was
discarded and the peliet was resuspended in 10 mM Hepes, pH 7.4, 100 mM
KCl, 5 mM MgSO,, 0.5 mM EDTA, 1 mM dithiothreitol for motility ex-
periments; alternatively the pellet was overlaid with the Hepes buffer and
frozen in liquid N; to be stored at —70°C until use.

Porcine brain microtubules were prepared according to the procedure of
Sloboda and Rosenbaum (1979). Actin was prepared from an acetone powder
of rabbit muscle using the technique of Spudich and Watt (1971). Rabbit myo-
sin was prepared from the back and hindleg muscle according to the proce-
dure of Kendrick-Jones et al. (1970) and was the generous gift of Dr. Mar-
garet A. Titus, Brandeis University, Waltham, MA. Protein concentration
was determined by the Schacterle and Pollack (1973) modification of the pro-
cedure of Lowry et al. (1951).

Photoaffinity Labeling

[a-P]8-N;ATP. Axoplasmic vesicles or isolated proteins were labeled
radioactively, using a modification of the procedure of Pfister et al. (1984).
Briefly, 2-5-pl aliquots of [a*2P]8-N3;ATP in methanol were added to 0.5-
ml microfuge tubes (Sarstedt, Inc., Princeton, NJ) that were placed on ice
and protected from room light. The methanol was allowed to evaporate by
room air or by a stream of N; after which the protein or vesicle samples
were added as 25-50-pl aliquots containing 0.5-0.9 mg/ml protein. The
final concentration of [a-32P]8-N;ATP was 4-8 uM. The contents of the
tube were mixed and either irradiated with 254-nm light (UVG-1l Miner-
alight lamp, 4 W, UltraViolet Products, San Gabriel, CA) at 4-5 cm from
the top of the tube for 90 s or allowed to incubate without ultraviolet (UV)

- exposure for an equal amount of time. Samples were then reduced for elec-
trophoresis according to Laemmli (1970). In competition experiments, unla-
beled ATP (0.01-2 mM) was added to the microfuge tubes at the same time
as [u-*?P]8-N;ATP and before the addition of protein.

[a-PJATP: For direct photochemical cross-linking experiments (Yue
and Schimmel, 1977; Maruta and Korn, 1981), 50-ul reaction mixtures in
0.5-ml microfuge tubes on ice contained protein at 0.5-0.9 mg/ml and ~20
uCi of [a-?P]ATP whose final concentration was 0.2-0.6 pM. The sam-
ples were either UV irradiated for 1 h at a distance of 4-6 cm with an R-52G
Mineralight Lamp (254 nm, 100 W, UltraViolet Products, Inc.) or in-
cubated on ice with no UV exposure. The contents of the tubes were mixed
every 15 min during the irradiation/incubation period, and at the end of the
hour, each sample was mixed with the appropriate volume of 5X concen-
trated electrophoresis sample buffer (Laemmli, 1970).

Video-enhanced Microscopy

Video-enhanced contrast differential interference contrast microscopy (Al-
len and Allen, 1983) was used to monitor the vesicle isolation procedure
and for motility experiments. The optical system included a Nikon Optiphot
microscope (Nikon, Inc., Garden City, NY) that was equipped with a
100%/1.35 numerical aperture (NA) planapochromatic objective, an achro-
matic-aplanatic condenser (1.35 NA), and a 100-W mercury arc for illumi-
nation. The image was projected from the microscope by a 10-20X zoom
eyepiece (Swift Instruments Inc., San Jose, CA) and focused onto a
Hamamatsu C-1000 camera having a Chalnicon video tube (Hamamatsu
Corp., Middlesex, NJ) using a Zeiss adaptor. The adaptor contained a
projection lens having a focal length of 63 mm with a T2 thread plus a T2
to C-mount adaptor (Carl Zeiss, Inc., Thornwood, NY). The camera was
connected to a C1966 image processor (Photonic Microscopy, Inc., Oak
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Brook, IL), and the video-enhanced images were recorded in real time using
a SONY VO-2610 %-in. videocassette recorder.

Motility Experiments

The isolated axoplasmic vesicles were tested for their ability to undergo mo-
tility before the photoaffinity labeling experiments using the in vitro motitity
assay previously described (Gilbert et al., 1985). Briefly, axonemal micro-
tubules or squid optic lobe microtubules were allowed to settle onto a
No. 0 coverslip (24 x 50 mm, ESCO, Erie Scientific, Portsmouth, NH) and
any unattached axonemes or microtubules were removed by washing with
vesicle buffer. The preparation was covered with a second coverslip (No.
0, 18 X 18 mm), sealed with valap (vaseline/lanolin/paraffin, 1:1:1) on two
opposite sides, and transferred to the microscope for observation. Axo-
plasmic vesicles were added at the edge of the coverslip “sandwich” and
washed across the preparation by absorbing buffer with filter paper at the
opposite side. The vesicle addition and the vesicle movement were observed
using the microscopy technique described above.

The effect of 8-N;ATP on endogenous axoplasmic transport was deter-
mined. Axoplasm from the squid giant axon was extruded mechanically
onto a coverslip (Brady et al., 1982), and 10 pl of 5 mM 8-N;ATP in
buffer X (Brady et al., 1985) was added. The preparation at 16-18°C was
irradiated with 254-nm light (UVG-11 Mineralight lamp) from a distance of
8-10 cm for 30 s to 2 min. The axoplasmic preparations were then trans-
ferred to the microscope for observation. Control preparations included the
following: addition of 8-N;ATP with no irradiation, addition of buffer in-
stead of 8-N;ATP with irradiation, and addition of 8-N;ATP with irradia-
tion, followed by the subsequent addition of 5~-10 mM ATP.

PAGE, Immunoblotﬁng, and Autoradiography

Protein samples were analyzed using 5-15% acrylamide/12-48 % urea linear
gradient slab gels (0.75 mm) with 3% stacking gels according to the buffer
formulation of L.aemmli (1970) and stained for protein with Coomassie Bril-
liant Blue R 250 (Fairbanks et al., 1971) or silver nitrate (Morrissey, 1981;
Pratt et al., 1984). All gels contained the following molecular mass markers
(Sigma Chemical Co.): rabbit muscle myosin (200 kD), p-galactosidase (116
kD), phosphorylase B(97.4 kD), bovine serum albumin (66 kD), ovalbumin
(45 kD), and carbonic anhydrase (29 kD).

Electrophoretic transfer of proteins from these gels to nitrocellulose pa-
per (0.45 um, Schleicher & Schuell, Inc., Keene, NH) was performed in
a Bio-Rad Trans Blot Cell (Bio-Rad Laboratories, Richmond, CA) accord-
ing to the method of Towbin et al. (1979). The transfer was performed at
constant current (400 mA) for 90 min in a tank buffer of 25 mM Tris-HCl,
pH 8.3, 192 mM glycine, 005% SDS. After completion of the transfer, the
nitrocellulose sheets were processed for detection of rabbit IgG-antigen im-
mune complexes as described in the procedure provided with the Bio-Rad
Kit which uses horseradish peroxidase-labeled secondary antibodies. For
blots to the porcine MAP 2 antiserum, the specificity of the serum was tested
by immunoprecipitating the MAP 2 antibodies with porcine brain MAP 2
antigen. After centrifugation to remove the precipitated immune complexes,
the resulting serum was used for probing the blots.

For autoradiography of the *P-labeled polypeptides, the silver-stained
gels were dried and exposed to Kodak X-Omat AR Film using a Dupont
Cronex Lightning Plus intensifying screen. After the appropriate exposure
time (3-21 d) at —70°C, the films were developed in Kodak GBX developer.

Results

Vesicle Purification

To determine if key vesicle surface proteins interact with
microtubules to effect vesicle movement, it was first neces-
sary to separate isolated vesicles from soluble proteins. To
do this, axoplasmic vesicles were first isolated using discon-
tinuous sucrose gradient centrifugation as previously de-
scribed (Gilbert and Sloboda, 1984; Gilbert et al., 1985).
Subsequently, the vesicle-containing fractions from the su-
crose gradient were pooled, concentrated, and further frac-
tionated using a Sephacryl S-400 column. Fig. 1 shows the
polypeptide composition of the column fractions. Those
fractions shown in lanes d-i contained vesicles as deter-
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mined by video-enhanced microscopy (data not shown),
while those represented by lanes j-g were devoid of vesicles.
The fractions enriched in vesicles (lanes d-g) were pooled,
concentrated, and routinely tested to ensure their ability to
translocate on isolated microtubules before use in the bio-
chemical experiments described below. The column frac-
tions represented by lanes j-g, devoid of vesicles but contain-
ing soluble proteins, were also pooled and concentrated for
use in later experiments. Because the fractions correspond-
ing to lanes 4 and i contained some vesicles as well as soluble
proteins, these fractions were not used in the experiments de-
scribed here.

Inhibition of Endogenous Transport by
Unlabeled 8-N;ATP

To identify ATP-binding proteins of the vesicle preparation,
the radioactive photoaffinity analogue of ATP, [a-*’P]8-
N;ATP, was used. Before these radioactive experiments,
however, the effect on motility of the nonradioactive form of
the analogue was determined. Extruded axoplasm was in-
cubated with unlabeled 8-N;ATP (1-5 mM), and the effect
of the analogue on fast axonal transport was assessed using
video-enhanced light microscopy. Organelles continued to
move at very rapid rates in either the orthograde or the retro-
grade direction, and no discernable effect on organelle motil-
ity was observed for up to 60 min. The length of time for UV
irradiation of the photoaffinity analogue was determined by
first assessing the effect of irradiation on axoplasmic trans-
port in the absence of 8-N;ATP. At irradiation times greater
than 90 s (i.e., 105 and 120 s), the appearance of the axo-
plasm changed. Large numbers of organelles were observed
in Brownian motion, and those not in Brownian motion
demonstrated motility that was spasmodic and intermittent.
Therefore, 90 s was the maximum irradiation exposure used
to activate the photoaffinity analogue.

When extruded axoplasm was incubated with 5 mM 8-
N;ATP followed by irradiation with 254 nm light for 30-90
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Figure 1. SDS PAGE showing
the protein composition of the
Sephacryl S-400 column frac-
tions. All lanes are from the
same slab gel and are stained
with silver nitrate. Lane a,
relative molecular mass mark-
ers (x1073), lane b, purified
porcine brain microtubules.
Lane ¢, polypeptide composi-
tion of the vesicles before
fractionation by the column;
lanes d-g, column fractions
containing protein. Lanes d-g,
fractions containing vesicles.
Lanes h and i, fractions con-
taining both vesicles and solu-
ble protein; lanes j-q, frac-
tions devoid of vesicles, but
containing soluble protein. Ar-
row marks the ion front.
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s, fast axonal transport ceased. Although an occasional or-
ganelle was observed to translocate, the majority of the
movements had stopped, and the organelles appeared “fro-
zen” in place. This effect upon transport using 8-N;ATP
was observed at concentrations from 1 to 5 mM. These high
concentrations of 8-N;ATP were required for the analogue
to compete effectively with the relatively high endogenous
ATP concentration ("v1 mM) that exists in axoplasm (Morris
and Lasek, 1982). At 1 mM 8-N;ATP the effect was not as
dramatic as at 5 mM 8-N;ATP and larger numbers of or-
ganelles continued to move. Furthermore, the cessation of
motility brought about by irradiation at 254 nm in the pres-
ence of 8-N;ATP was immediate and irreversible. Axoplasm
incubated in 5 mM 8-N;ATP followed by UV irradiation
ceased motility, and the organelle movement could not be
reactivated by the addition of ATP at concentrations from 5
to 10 mM. This observation indicated that the 8-N;ATP had
interacted with a nucleotide binding site(s) critical for or-
ganelle translocation such that when 8-N;ATP was cova-
lently attached to the site by UV irradiation, ATP turnover
and thus transport could not continue.

Radioactive Photoaffinity Labeling

Because the column-purified vesicles devoid of all soluble
proteins were competent to translocate on axonemal mi-
crotubules in an ATP-dependent, trypsin-sensitive fashion,
it was assumed that ATP-binding molecules essential for
vesicle motility were present on the vesicle surface. To iden-
tify these molecules, experiments were performed using
[03*P]8-N;ATP followed by analysis of the resulting labeled
polypeptides by electrophoresis and autoradiography. Con-
trol lanes in Fig. 2 illustrate that [a>?P]8-N;ATP can be
used to identify known ATP-binding molecules: the ATPase
myosin (lanes c-e) and the ATP-binding protein actin (lanes
J-h). Covalent modification of the myosin heavy chain and
of actin occurred only in the presence of UV light (lanes d
and g). Lanes i-n show results obtained when column-
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Figure 2. Photoaffinity labeling of ATP-binding proteins. Lane a, relative molecular mass markers (X107%); lane b, purified porcine brain
microtubules. Lane c, silver stain (S) of a rabbit muscle myosin preparation covalently modified by [a->?P]8-N;ATP in the presence (+,
lane d) or absence (—, lane €) of UV irradiation. Lane f, silver stain () of purified actin, and the corresponding autoradiograph (lanes
g and h) indicates that labeling of the 43-kD polypeptide is UV-dependent. Lane i, composition of the column-purified vesicles; known
polypeptides are identified to the left of the lane: neurofilament 1 (NFI ), fodrin (F), neurofilament 200 (NF200), neurofilament 60 (NF60),
o- and B-tubulin (7), and actin (4). Lanes j-k, polypeptides of lane i that were labeled by [a-*2P]8-N;ATP in the presence (+) and ab-
sence (—) of UV irradiation. In addition to some known polypeptides that labeled, a discrete high molecular mass polypeptide of 292
kD (arrow, lane j) also incorporated label. Lanes I-n, a progressive decrease in the incorporation of [0-*2P]8-N3;ATP occurred when unla-
beled ATP was added to the reaction mixture at 0.01, 0.1, and 1 mM, respectively. Lane o, polypeptide composition of the soluble protein
from the column; lane p, those polypeptides that were labeled by [a-32P]8-N;ATP in the presence of UV irradiation; lane g, labeling in
the absence of UV exposure. Soybean trypsin inhibitor (SBTT) appears as a predominant band on some of the gel lanes because it is present
in the column elution buffer, and its concentration increases when the column fractions are concentrated for the motility and biochemical
studies (see Materials and Methods). Lanes i-q are from the same gel or its corresponding autoradiograph; the autoradiograph was overex-
posed to show all labeling that occurred. S, silver-stained lanes; + and —, autoradiographs of gel samples generated in the presence (+)

or absence (—) of UV exposure.

purified vesicles were incubated with [a32P]8-N;ATP in the
presence and absence of UV irradiation. The vesicle prepa-
ration as isolated contained known axoplasmic polypeptides,
and these are indicated to the left of lane i. In the presence
of UV light, the following identifiable polypeptides became
radioactively labeled (lane j); neurofilament 1 (NF 1, also
called high molecular weight neurofilament [Lasek et al.,
1979; Pant et al., 1978; Pant et al., 1986]), neurofilament 200
(NF 200), neurofilament 60 (NF 60), a- and B-tubulin, and
actin. In addition, a discrete, high molecular weight poly-
peptide (indicated by the arrow) having a relative molecular
mass of ~292 kD also bound [a32P]8-N;ATP. In the ab-
sence of UV irradiation only weak labeling of NF 1 and NF
200 was detected after an identical exposure of the gel (lane
k). Furthermore, addition of ATP (0.01-1 mM) to the photol-
ysis reaction mixture (lanes /-n) resulted in a progressive de-
crease in the amount of label incorporated, illustrating that
[a*?P]8-N3ATP and ATP compete for the same binding
sites. Addition of 1 mM GTP to the vesicle preparation
resulted in the almost complete elimination of labeling of
a- and B-tubulin, yet there was no evident decrease in label-
ing of the other polypeptides (data not shown).
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For comparison to the vesicles, the soluble proteins from
the column were also covalently modified by [a*?P]8-
N;ATP (lanes o0-gq). The incorporation of the label into
soluble polypeptides was UV-dependent (lane p) and unla-
beled ATP effectively decreased the amount of label incorpo-
rated (data not shown). Moreover, the addition of MAP-free
squid optic lobe microtubules either to the vesicle prepara-
tion or to the soluble proteins did not stimulate [a32P]8-
N3ATP labeling of any additional polypeptides.

As an alternative approach to confirm the specificity of
the results described above, direct photochemical cross-link-
ing (Yue and Schimmel, 1977, Maruta and Korn, 1981) of
[a?P]ATP to ATP-binding proteins was also used. The
results of these experiments (data not shown) indicated that
the incorporation of [a*?P]ATP into protein was also UV-
dependent and the polypeptides labeled were qualitatively
the same as those labeled with [a32P]8-N;ATP.

Photoaffinity Labeling of Purified Kinesin

Vale et al. (1985b) have isolated and identified a force-
generating protein called kinesin which is involved in micro-
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tubule-based motility. Kinesin was isolated from squid optic
lobe using published procedures (Vale et al., 1985b) and
covalently modified using [03?P]8-N;ATP. Fig. 3, lane ¢
shows the Coomassie stain of the purified protein and lane
d, the silver stain of the same gel. Lanes e and f are from
the autoradiograph and demonstrate that the 116-kD poly-
peptide, a- and B-tubulin, and actin incorporate label in a
UV-dependent manner. Moreover, when increasing concen-
trations of unlabeled ATP (0.01-1 mM) were added to the
reaction mixture, a progressive decrease in incorporation of
label was observed (lanes g-i). These data indicate that the
116-kD subunit of kinesin is an ATP-binding polypeptide, al-
though ATPase activity associated with this protein has not
yet been demonstrated (Vale et al., 1985b). To determine if
kinesin was present in the vesicle preparation, the polypep-
tides of kinesin and the column-purified vesicles were
resolved side by side on the same gel (Fig. 4). The vesicle
preparation (lane d) contains several polypeptides in minor
amounts that migrate in the 110-120-kD region of the gel.
However, distinct incorporation of [a*?P]8-N;ATP in this
region of gels of the vesicle preparation was never obtained
(compare Figs. 2 and 3). Thus, it appears that kinesin is not
a significant component of motility-competent vesicles iso-
lated using the procedures employed here.

Immunoblotting
Fig. 5 illustrates that the 292-kD ATP-binding polypeptide
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Figure 3. [a-?P]8-N;ATP labeling of kinesin. Lane a, relative
molecular mass markers (X107%), lane b, porcine brain microtu-
bules. Lanes ¢ and d, polypeptide composition of a preparation of
kinesin from squid optic lobe after Coomassie staining (C) and sil-
ver staining (S) of the same gel lane. Lane e, from the correspond-
ing autoradiograph and shows that in the presence (+) of UV irradi-
ation, the 116-kD polypeptide of kinesin, - and B-tubulin, and
actin were labeled. In the absence (—) of UV exposure (lane f), no
incorporation of label was observed. Furthermore, the incorpora-
tion of [a-*2P]8-N;ATP was effectively decreased by addition of
001, 0.1, and 1 mM ATP, respectively (lanes g-i).
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of the vesicle preparation is recognized by antibodies to por-
cine brain MAP 2 (lanes f and g). In addition, the 292-kD
polypeptide can be isolated in association with squid optic
lobe microtubules (lanes j and k) but is absent from a prepa-
ration of kinesin isolated from optic lobe (lanes A and i).
Moreover, the 292-kD polypeptide can be removed from
taxol-stabilized microtubules in the presence of salt (lane [).
These data indicate that the 292-kD polypeptide demon-
strates some of the characteristics expected of a microtubule-
associated protein as defined by Sloboda et al. (1975; 1976),
and has one or more antigenic determinants in common with
vertebrate brain MAP 2. Therefore, because the 292-kD
polypeptide binds ATP and can be isolated in association
with microtubules or with vesicles that translocate on
microtubules in an ATP-dependent fashion, these data sug-
gest that the 292-kD polypeptide may be a microtubule-vesi-
cle cross-bridging molecule involved in vesicle motility.

Discussion

Because it had been previously shown that axoplasmic vesi-
cles from the squid giant axon could translocate on axonemal
microtubules whose dynein arms had been removed (Gilbert
et al., 1985), these observations implied that the molecules
necessary for vesicle motility were present in the vesicle
preparation. Thus, the experiments described in this paper
were designed to identify those polypeptides important for
motility. Purified vesicles devoid of soluble proteins were ob-
tained by fractionation of axoplasmic vesicles on a Sephacryl
S-400 column (Fig. 1). These column-purified vesicles were
observed to translocate on isolated axonemal microtubules
in an ATP-dependent and trypsin-sensitive manner. Further-
more, the axonemal microtubules were never observed to
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Figure 4. Comparative migration of the polypeptides of the kinesin
and vesicle preparations. Lane a, relative molecular mass markers
(X1073); lane b, actin; lane ¢, squid optic lobe kinesin; lane 4,
axoplasmic vesicles; and lane e, porcine brain microtubules. Arrow
marks the ion front.
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Figure 5. The 292-kD vesicle-associated polypeptide shows im-
munological cross-reactivity to porcine brain MAP 2. Lane a, sil-
ver stain of purified porcine brain microtubules; lane b, its blot with
antiserum to porcine brain MAP 2. Lane ¢, Coomassie stain of the
soluble proteins from a porcine brain homogenate; lane d, its blot
with the antiserum. Lane e, blot of purified porcine brain microtu-
bules reacted with antiserum that had been immunoadsorbed with
MAP 2 as antigen. No cross-reaction is evident. Lane f; silver stain
of the vesicle preparation; lane g, its blot, showing cross-reaction
of the 292-kD polypeptide with MAP 2 antiserum. Lane h, silver
stain of a kinesin preparation; lane i, its blot against the antiserum;
no cross-reactivity is evident. Lane j, silver stain of squid optic lobe
microtubules; lane %, its blot showing cross-reactivity between the
292-kD polypeptide and the MAP 2 antiserum. Lane 1, silver stain
of squid optic lobe microtubules treated with 1 M KCl in the pres-
ence of taxol to remove the microtubule-associated proteins.

translocate on the glass coverslip. These data indicate that
under certain conditions the ATP-binding, force-generating
polypeptides essential for motility can be isolated in associa-
tion with the vesicle surface.

Next, to identify these ATP-binding molecules, the radio-
active photoaffinity analogue of ATP, [a*’P]8-N3ATP, was
used. In motility experiments, unlabeled 8-N;ATP in the
presence of UV irradiation caused the immediate cessation
of axoplasmic transport. Furthermore, organelle transloca-
tion could not be reactivated by the addition of up to 10 mM
ATP. These results indicated that 8-N;ATP interacted with
nucleotide-binding sites critical for vesicle translocation
such that when the analogue was covalently attached to the
sites by UV irradiation, ATP turnover and thus transport
could not occur. Control experiments (Fig. 2) showed that
[03?P]8-N3ATP could be used to identify known ATP-
binding polypeptides; and when the vesicle preparation was
covalently modified, a number of identifiable polypeptides
were labeled, including NF 1, NF 200, NF 60, a- and B-tubu-
lin, and actin. In addition to these known nucleotide-binding
proteins, a discrete high molecular mass polypeptide of 292
kD also bound [a*?P]8-N;ATP. Note also that the pho-
toaffinity analogue is not merely acting as a qualitative pro-
tein stain. For example, both the fodrin doublet and the
high molecular mass polypeptide that migrates between the
292-kD polypeptide and fodrin show no incorporation of
[032P]8-N;ATP in an overexposed autoradiograph, yet these
polypeptides distinctly stain for protein (Fig. 2, lanes i and j).
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Although a number of vesicle-associated proteins bound
[0*?P]8-N3;ATP, not all of these ATP-binding polypeptides
are important for vesicle translocation for the following rea-
sons. First, NF 1, NF 200, and NF 60 bound [a32P]8-
N3ATP, yet it has been shown that neurofilaments are not
involved in organelle translocation (Papasozomenos et al.,
1982; Schnapp and Reese, 1982; Allen et al., 1985; Schnapp
et al., 1985; Miller and Lasek, 1985). Furthermore, the in-
corporation of label at 200 kD (Fig. 2, lane j) is believed to
be due to NF 200 polypeptide only. Although axoplasmic
myosin co-migrates at 200 kD, the vesicle preparation
showed no cross-reaction with antiserum to squid optic lobe
myosin by immunoblotting under conditions in which whole
axoplasm demonstrated cross-reactivity with the antiserum
at this position on the gel (data not shown). Thus, while the
data reported here demonstrate that the neurofilament poly-
peptides co-purify with the vesicles and bind ATP, several
lines of evidence have shown them not to be invoived in vesi-
cle motility.

Second, F-actin does not appear to be involved in organelle
translocation on isolated microtubules (Allen et al., 1985,
Gilbert et al., 1985; Schnapp et al., 1985). In these motility
assay systems, isolated microtubules can support bidirec-
tional movement, yet F-actin does not appear to be a signifi-
cant component of the vesicle-microtubule complex. How-
ever, although these in vitro models suggest that actin is not
involved, its role in directed organelle movement in vivo is
still controversial; for example, agents that disrupt actin
microfilaments also inhibit fast axonal transport (Isenberg et
al., 1980; and Goldberg, 1982; Brady et al., 1984).

Third, both actin and tubulin bind and hydrolyze nucleo-
side triphosphates during polymerization. Actin binds 1 mol
of ATP per actin monomer, and F-actin has predominantly
ADP bound (Straub and Feuer, 1950). Moreover, labeled
ATP exchanges freely with G-actin - ADP or G-actin - ATP
(Martonosi et al., 1960; Neidl and Engel, 1979). Similarly,
the tubulin dimer binds 2 mol of GTP, 1 mol of which binds
to an exchangeable site (Jacobs et al., 1974), and tubulin can
bind ATP (Zabrecky and Cole, 1980; 1982). Furthermore,
the labeling of a- and B-tubulin could be almost completely
eliminated by the addition of GTP to the vesicle preparation
without decrease of [a*?P]8-N;ATP incorporation into the
other vesicle polypeptides (data not shown). These com-
bined results suggest that the binding of [a3?P]8-N;ATP was
to the nucleotide-binding sites on actin and tubulin normally
occupied by ATP and GTP, respectively.

The 292-kD polypeptide is the only other polypeptide
unique to the vesicle preparation that was distinctly labeled
by [a*P]8-N;ATP (Fig. 2). Label incorporation was UV-
dependent and competitive with unlabeled ATP. Because the
[@32P]8-N;ATP and unlabeled ATP were added simultane-
ously to the vesicle preparation, there was some labeling of
the 292-kD polypeptide even in the presence of 1 mM ATP.
This result was not unexpected because the ATP-binding
proteins would have an equal opportunity to bind a labeled
or an unlabeled molecule of ATP under the conditions
used. Furthermore, unlabeled ATP was competing not only
with unbound [¢*2P]8-N;ATP but also with bound [0*?P]8-
N3ATP and any hydrolyzed products (i.e., [0*2P]8-N;ADP,
[032P]8-N;AMP). The lack of complete competition by un-
labeled ATP therefore may be due to different exchange rates
of the various labeled nucleotides before UV irradiation.
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Thus, the complete elimination of labeling by unlabeled ATP
as is demonstrated by actin (Fig. 2, lanes /-n) may reflect
both the rate of exchange of nucleotide at the ATP-binding
site as well as the specificity of nucleotide binding. Further-
more, because the experiments were performed with 3P at
the a position rather than the ¥ position of the analogue, the
label was not transferred to the 292-kD polypeptide by an as-
sociated protein kinase reaction (Sloboda et al., 1975). Also,
all labeling experiments were performed under conditions in
which both protein and analogue concentrations were kept
low to minimize nonspecific labeling which increases lin-
early with concentration (reviewed in Potter and Haley,
1983). Moreover, any [a*?P]8-N;ATP molecules not in as-
sociation with protein at the time of irradiation react with
solvent because the highly reactive nitrene is very unstable
(Potter and Haley, 1983). Hence, these results suggest that
the labeling of the 292-kD polypeptide is specific, i.e., that
[a32P]8-N;ATP bound to a distinct ATP-binding site in the
presence of UV irradiation. Yet the possibility exists that
binding of the analogue may have been due to a nonspecific
ionic interaction with cationic groups on the polypeptide
rather than due to a specific interaction with an adenine
nucleotide binding site. The data presented here or any other
similar control experiment cannot exclude this possibility.
However, Kerlavage and Taylor (1980) have shown that incor-
poration of 8-azido analogues can be highly specific. In their
experiments, [*2P]8-N:cAMP covalently modified a single
tyrosine residue of the cAMP binding site of the regulatory
subunit of a type I cAMP-dependent protein kinase from
porcine heart.

Furthermore, in experiments in which 0.5% SDS was
added to the column buffer, the elution profile of the 292-
kD polypeptide changed. In the presence of detergent, the
292-kD polypeptide eluted in the included volume of the
Sephacryl S-400 column, corresponding to fractions k-r in
Fig. 1 (data not shown). This result demonstrates that the
292-kD polypeptide is not present in the vesicle preparation
as a soluble monomer. Moreover, the results of Pratt (1986)
suggest that the 292-kD polypeptide is not a MAP in asso-
ciation with neurofilaments. She has shown that this poly-
peptide is present when vesicle-microtubule complexes, es-
sentially free of neurofilaments, are isolated from squid
axoplasm. Furthermore, the association of the 292-kD poly-
peptide with the vesicle-microtubule complex is nucleotide
dependent, and the complex contains ATPase activity. These
results, combined with the published data summarized
above, suggest that the 292-kD polypeptide is one likely can-
didate for an ATP-binding protein essential for vesicle mo-
tility.

Vale et al. (1985b) have isolated and identified a force-
generating protein called kinesin which induces the move-
ment of microtubules along a glass coverslip and the move-
ment of latex beads along microtubules. Although the data
suggest that kinesin is the mechanochemical transducer that
promotes organelle movement along microtubules, there is
no direct evidence showing an interaction of kinesin with or-
ganelles (Vale et al., 1985¢). The resuits of Fig. 3, showing
the incorporation of [a*2P]8-N3;ATP into the 116-kD subunit
of kinesin, indicate that kinesin is an ATP-binding protein.
These data support the hypothesis of Vale et al. (1985b;
1985¢) that orthograde organelle movements are mediated by
kinesin; however, ATPase activity associated with the mole-
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cule has not yet been demonstrated, and distinct incorpora-
tion of [a**P]8-N:ATP in the 116-kD region of gels of the
vesicle preparation was never obtained (Fig. 2). Further-
more, no incorporation of label was detected in the 116-kD
region of the gels of the soluble proteins (Fig. 2, lane p).
Hence, the data presented here do not conclusively support
or negate a role for kinesin in axoplasmic vesicle motility al-
though they do demonstrate that kinesin is an ATP-binding
protein (Fig. 3). Moreover, the results presented here show

- that axoplasmic vesicles can translocate on isolated microtu-

bules in the presence of ATP, yet kinesin does not appear to
be an obvious component of this motility competent prepa-
ration.

In addition to ATP binding, another characteristic ex-
pected of the force-generating molecule(s) responsible for
organelle translocation is that it should purify in associa-
tion with vesicles or microtubules, depending on the ionic
strength, osmolality, and other buffer conditions used. Fig. 2
demonstrates that the 292-kD polypeptide purified with axo-
plasmic vesicles, while Fig. 5 illustrates that the 292-kD
polypeptide also co-purifies with taxol-stabilized microtu-
bules and that it is released from the microtubules in the
presence of salt. These data suggest that while the 292-kD
polypeptide is vesicle associated, it also demonstrates some
of the characteristics of a microtubule-associated protein: it
associates with assembled tubulin noncovalently, and it can
be removed by salt in the presence of taxol.

Fig. 5 shows that the 292-kD polypeptide present in either
a preparation of axoplasmic vesicles or squid optic lobe
microtubules cross-reacts with antibodies to porcine brain
MAP 2. This observation is the first demonstration that a
MAP 2-like protein is present in squid axoplasm and further-
more, the first demonstration of the presence of MAP 2 in
an invertebrate. Previously, MAP 2 had been shown to be
highly enriched in dendrites and cell bodies relative to axons
(Matus et al., 1981; Huber and Matus, 1984; Wiche et al.,
1983; De Camilli et al., 1984), yet MAP 2 has clearly been
shown to be a distinct component of certain axons (Caceres
et al., 1984; Papasozomenos et al., 1985). Although the 292-
kD polypeptide is similar to MAP 2 by immunological cri-
teria, it migrates between porcine brain MAP 1 and MAP
2 on 5-15% acrylamide/12-48% urea gradient slab gels
(Figs. 2, 4, and 5). Furthermore, the axoplasmic 292-kD
polypeptide cannot be phosphorylated under conditions in
which NF 1 and NF 200 or porcine brain MAP 2 (Sloboda
et al., 1975) become phosphorylated (manuscript in prepara-
tion). Finally, because the 292-kD polypeptide is completely

- released from microtubules by a brief incubation in 1 M salt

and it cross-reacts with antiserum to porcine brain MAP 2,
it is distinct from the flagellar motive force-generating pro-
tein dynein (Gibbons and Rowe, 1965).

In summary, the results presented here suggest that a MAP
2-like protein from squid axoplasm demonstrates character-
istics expected of a molecule that generates the motive force
for organelle translocation: it binds ATP, is associated with
vesicles that translocate on isolated microtubules, and can be
isolated in association with vesicles or microtubules. Al-
though ATP binding is one of the most important criteria ex-
pected of an ATPase that generates organelle motility, ATP
binding alone is certainly not sufficient to identify a protein
as a mechanochemical force transducer. However, a novel
use of a radioactive azido analogue of ATP has enabled us
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to focus on one likely candidate in a complex mixture of
polypeptides. Experiments are presently being performed to
ascertain the role of the 292-kD polypeptide in those vesi-
cle-microtubule interactions that occur during the important
neurological process of fast axoplasmic transport.
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