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We have used an  in  vitro assay to  characterize some 
of the motile properties of sea urchin egg kinesin. Egg 
kinesin is purified  via  5”adenylyl imidodiphosphate- 
induced binding to taxol-assembled microtubules, ex- 
traction  from  the microtubules in ATP, and gel filtra- 
tion chromatography (Scholey, J. M., Porter, M. E., 
Grissom, P. M., and McIntosh, J. R. (1985) Nature 
318,  483-486). This  partially  purified kinesin is  then 
adsorbed to a glass coverslip, mixed with microtubules 
and ATP, and viewed by video-enhanced differential 
interference  contrast microscopy. The microtubule 
translocating  activity of the  purified egg kinesin is 
qualitatively  similar  to  the analogous activity observed 
in crude extracts of sea  urchin eggs and resembles the 
activity of neuronal  kinesin  with respect to both the 
maximal rate (>0.5 Nm/s) and  the direction of move- 
ment.  Axonemes glide on a kinesin-coated coverslip 
toward  their minus ends, and kinesin-coated beads 
translocate  toward  the plus ends of centrosome micro- 
tubules. Sea urchin egg kinesin is inhibited by high 
concentrations of SH reagents ([N-ethylmaleimide] > 
3-5 mM), vanadate > 50 pM, and [nonhydrolyzable 
nucleotides] >- [MgATP]. The nucleotide requirement 
of sea  urchin egg kinesin  is  fairly broad (ATP > GTP 
> ITP), and  the rate of microtubule movement in- 
creases in a saturable fashion with  the [ATP]. We 
conclude that  the motile activity of egg kinesin  is  in- 
distinguishable from that of neuronal kinesin. We pro- 
pose that egg kinesin may  be associated with microtu- 
bule-based motility in vivo. 

Many types of intracellular movements are dependent upon 
microtubules, but  the molecular mechanism of force produc- 
tion for these movements is not yet established. The recent 
application of video-enhanced light microscopy (Allen et al., 
1981; Inoue, 1981) to  the study of microtubule-mediated mo- 
tility in squid axoplasm (Allen et al., 1985; Brady et al., 1985; 
Gilbert et at., 1985; Schnapp et al., 1985;  Vale et at., 1985a, 
1985b) has resulted in the description of at least two micro- 
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tubule-based mechanochemical factors (Vale et al., 1985c, 
19853). The first factor, which has been purified and given 
the name kinesin, induces both gliding of microtubules on a 
glass surface and unidirectional translocation of beads along 
microtubules in an ATP-dependent fashion (Vale et al., 
1985~).  The motility induced by neuronal kinesin exhibits  a 
distinct microtubule polarity; microtubules glide  on a kinesin- 
coated coverslip towards their  “minus” or slowly assembling 
end,  and kinesin-coated beads are  transported towards the 
“plus” or  fast assembling end of microtubules at -0.5 pm/s 
(Vale et al., 1985d). Since axonal microtubules are oriented 
with their plus ends toward the nerve terminal  (Burton  and 
Paige, 1981; Heidemann et al., 1981), kinesin is believed to 
act as  the anterograde vesicle motor in the squid axon. A 
second activity with different immunological and pharmaco- 
logical properties is thought to move vesicles in the retrograde 
direction at -1.5  Nm/s (Vale et al., 1985d), but  the polypeptide 
composition of this  factor  has  not yet been identified. 

In previous work, we have identified a form of kinesin in 
sea urchin eggs  by virtue of its  AMPPNPl-dependent associ- 
ation with microtubules, its microtubule translocating  activ- 
ity,  and its immunological cross-reactivity with squid kinesin 
(Scholey et al., 1985). Antibodies to  the 130-kDa polypeptide 
of  egg kinesin were observed to  stain  the mitotic spindle of 
dividing embryos by immunoperoxidase light microscopy 
(Scholey et al., 19851, suggesting that egg kinesin may mediate 
some  form of microtubule-based motility associated with mi- 
tosis. Mitotic motility is, however, quite complex. Chromo- 
somes move both toward and away from the spindle poles 
during prometaphase and  then move  poleward during ana- 
phase A. Pole to pole elongation (anaphase B) is associated 
with both microtubule polymerization and sliding in the  in- 
terzone. Finally, granules in  the spindle move in both direc- 
tions throughout mitosis (Rebhun, 1960, 1972). Thus, both 
chromosomes and granules proceed with various velocities 
and in both directions relative to spindle microtubule polarity. 
Furthermore, several studies have suggested that  the various 
mitotic movements exhibit different nucleotide requirements 
and different sensitivities to enzyme inhibitors (Cande and 
Wolniak, 1978; Cande, 1982; Cande and MacDonald, 1985, 

’ The abbreviations used are: AMPPNP, 5’-Adenylyl imidodiphos- 
phate; ATP+, adenosine 5’-0-(3-thio)triphosphate; DIC, differen- 
tial interference contrast; EGTA, [ethylenebis(oxyethylenenitrilo)] 
tetracetic acid; 8-azido-ATP, 8-azidoadenosine-5’-triphosphate; 
MAPS, microtubule associated proteins; SDS, sodium dodecyl sulfate; 
Pipes, 1,4-piperazineethanesulfonic acid; ~130,130-kDa polypeptide. 
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1986; Spurck et al., 1986). One  may  therefore gain insight  into 
the possible  roles of kinesin  in  mitotic  movements  from a 
knowledge of the velocity, directionality,  and pharmacology 
of motility  induced by egg kinesin in vitro. 

In  this  report, we characterize  the motile properties of sea 
urchin egg kinesin. As described below, we find  that  kinesin 
activity  accounts for virtually  all  the  microtubule gliding 
activity observed in  crude  extracts of sea urchin eggs. Fur- 
thermore, we find  that  the  motility of egg kinesin is almost 
indistinguishable from that of neuronal kinesin. These  find- 
ings  are discussed  with respect to  the  different  types of 
microtubule-based  motility  seen in uiuo. 

EXPERIMENTAL PROCEDURES 

Materials-Sea urchins (S. purpuratus  and L. pictw) were obtained 
from Marinus (Los Angeles,  CA) and handled as described previously 
(Salmon, 1981). Taxol was the generous gift  of  Dr. Matthew Suffness 
at  the National Cancer Institute. Latex beads were purchased from 
Polysciences, Inc. (Warrington,  PA), Bio-Gel A-5m  from Bio-Rad, 
ultrapure sucrose from Schwarz/Mann, and all other chemicals from 
Sigma. 

Isolation of Kinesin from Sea Urchin Eggs-Kinesin  was isolated 
from sea urchin egg extract supernatants  as outlined in Fig. 1. The 
extracts were prepared by homogenization of packed, dejellied eggs 
in  2 volumes of PMEG  extraction buffer (0.9 M glycerol, 0.1 M Pipes, 
pH 6.96, 5 mM EGTA, 2.5 mM MgCH3CO0, 0.5 mM EDTA, 1 mM 
dithiothreitol, 0.1 mg/ml soybean trypsin  inhibitor, 10 pg/ml leupep- 
tin, aprotinin, and  pepstatin),  and centrifugation at  57,000 X g for 45 
min, then at 140,000 X g for 45 min, using a Beckman Ti50.2 or Ty65 
rotor (all  steps at 0-4 “C). Microtubule assembly in egg extract 
supernatants was induced by the addition of 1 mM GTP plus 20 p M  
taxol and incubation on ice for 30-45 min (Vallee and Bloom,  1983; 
Scholey et al., 1984). The  extract was then divided into 3 aliquots 
with the following additions: 10 mM MgSO,, 10 mM MgATP, or 10 
mM MgAMPPNP. All aliquots were kept on ice for an additional 0- 
30 min and  then centrifuged in  a SorvaIl HB-4 swinging bucket rotor 
at 23,000 X g for 60 min at  4 “C  to pellet the assembled microtubules 
and  their associated MAPS. The  supernatant fractions were loaded 
onto 5-20% sucrose density gradients  in  PMEG  extraction buffer and 
centrifuged at  115,000 X g for 16 h in a Beckman SW41 rotor. The 
gradients were collected in 20 X 20 drop fractions and assayed for 
kinesin activity by video  microscopy as described below. 

The microtubule pellets were resuspended and pelleted in  extrac- 
tion buffer containing 75 mM NaCI, then extracted twice in 0.15 M 
NaCl plus 10 mM MgATP (ATP  extract) or once in 0.5 M NaCl plus 
0.1 mM ATP (high salt extract) for 10 min at 0 “C, and finally 
centrifuged at 40,000 X g for 20 min in a Beckman Type 65 rotor 
(Beckman  Instruments,  Palo Alto, CA). The extracted supernatants 
were concentrated when necessary in a Centricon 30 ultrafiltration 
apparatus (Amicon  Corp., Danvers, MA), which had been precoated 
with 1 mg/ml bovine serum albumin or ovalbumin, and  then fraction- 
ated by either Bio-Gel A-5m chromatography in PMEG  containing 
0.1 mM ATP (Scholey et al., 1985) or by centrifugation on 5-20% 
sucrose density gradients. Fractions were tested for kinesin activity 
by video  microscopy as described below. The peak of kinesin activity 
was determined by serial 2-fold dilutions to identify the fractions that 
would continue to support microtubule movement after  the largest 
dilution. 

Preparation of Microtubules and Axonemes-Beef brain tubulin 
was prepared by cycles of assembly and disassembly and by phospho- 
cellulose chromatography (Williams and Detrich, 1979) and stored as 
droplets at -10 mg/ml in liquid N2. The droplets were later diluted 
to 2 mg/ml in PMEG containing 1 mM GTP and 20 p~ taxol and 
stored as 20-pl aliquots at -70 ‘C for use in the motility assays. These 
aliquots were diluted 10-fold with the appropriate experimental buffer 
on the day of the experiment and used at  a  further 1:1 dilution in the 
final assay (see below). 

Sea urchin flagellar axonemes were prepared by osmotic shock of 
live sperm and differential centrifugation (Bell et al., 1982). Flagellar 
dynein was extracted by incubation of axonemes in high salt (0.6 M 
NaCI) for 30 min and centrifugation at 10,000 X g for 20 min. The 
resulting axoneme pellet was further  extracted  in 0.6 M NaCl and 
0.1-195 Nonidet P-40 to remove all of the dynein outer arms. The 
stripped axonemes were then washed three times to remove residual 
detergent and high salt  and stored in 50% glycerol in buffer a t  -20 “C 

until use. On the day of the experiment, axonemes were pelleted from 
glycerol (100,000 X g, 30 min) and washed three times  in the appro- 
priate experimental buffer. 

Other Biochemical Procedures-SDS-polyacrylamide gel electro- 
phoresis was performed on 0.75-mm thick slab gels using the buffer 
system of Laemmli (1970). The bis/acrylamide ratio was  reduced to 
1:lOO (w/w) to  allow better visualization of high molecular weight 
polypeptides (Porter and  Johnson, 1983). 

Polypeptides were blotted to nitrocellulose (Towbin et al., 1979) 
and probed with blot affinity purified antibodies via the immunoper- 
oxidase reaction (Olmsted, 1981). The sea urchin kinesin antibody 
has been previously described (Scholey et al., 19851, and  the squid 
kinesin antibody was raised against the 110-kDa subunit electroeluted 
from polyacrylamide gels. 

(1976). 
Protein  concentrations were determined by the method of Bradford 

Motility Assays-Kinesin activity was monitored using an in vitro 
motility assay (Vale et al., 198513) and video-enhanced DIC micros- 
copy (Allen et al., 1981;  InouB, 1981). Five pl of the  test samples were 
applied to a number 1 glass coverslip and incubated for 5 min in a 
humid chamber, during which time protein and other soluble mole- 
cules could adsorb to  the glass. Then 5 p1 of taxol-stabilized brain 
microtubules or  salt and detergent stripped flagellar axonemes were 
added in the appropriate experimental solution. The sample was 
inverted onto  a glass slide, sealed with valap (vaseline/parafin/lano- 
lin, 1:l:l) and viewed  by video-enhanced DIC microscopy (see below). 
Samples were scored for motility in  “blind” assays in which the 
observer was unaware of the identity of the fraction or the inhibitor 
being tested. Motility was scored as positive if several microtubules 
were attached to  and gliding on the coverslip surface, plus/minus if 
the microtubules were attached  and undergoing bending and flexing 
movements, negative if no microtubules were attached to  the coverslip 
surface, and frozen if the microtubules were attached  but  not moving. 

In the initial experiments, motility assays were performed in the 
“motility buffer” described by  Vale et al. (1985a) or the “egg buffer” 
described by Pryer  et al. (1986). However, the majority of the assays 
were performed in the PMEG  extraction buffer described above.  No 
significant differences were observed as a  result of the different buffer 
conditions. All assays were performed at room temperature (20- 
25 “C). 

Determination of Polarity-The polarity of microtubule gliding 
induced by kinesin was determined by means of flagellar axonemes 
that had been elongated with purified brain  tubulin as described by 
Pryer  et al. (1986). The polarity of bead translocation along centro- 
soma1 microtubules was determined as described by  Vale et al. 
(1985d). 

Microscopy-Individual microtubules were  visualized on the cov- 
erslip surface using a Zeiss Universal microscope equipped with DIC 
optics. The specimen was critically illuminated by a 100-watt mercury 
arc through a  heat-cut filter and a wide band-pass green (X = 546 
nm) interference filter. The image of the specimen was  magnified  via 
a 100 X (N.A.  1.25) plan objective lens, a 2 X optivar, and  a 1 X TV 
tube to a Dage 68 Newvicon  video camera with external gain and 
offset controls. The optics were initially set  to extinction, then the 
upper Wollaston prism was adjusted to give optimal contrast on the 
video monitor with both the camera gain and offset on “auto.” The 
final adjustment was made by changing the offset level of the video 
camera to ‘‘manual” and optimizing the image. Motility was recorded 
at real time using a  %-inch videocassette recorder (NEC) for further 
analysis and subsequent photography. 

Rate Measurements-Previously recorded video  images  were 
played back into a Microtime time-base corrector (Bloomfield, CT), 
then digitized, averaged, and stored using a video processing system 
(Hannaway & Associates, Boulder, CO). This system consists of an 
Imaging Technologies IP-512 Multibus digital video  image processor 
controlled by a Silicon Graphics IRIS 2400 computer and a package 
of software for image management. The time coordinate for each 
image  was recorded at  the time of collection and stored with the 
image in  a disc file. For a detailed description of this system, see 
Stemple et a!.’ For analysis of microtubule movement, the stored 
images  were recalled and  the positions of the ends of 10 or more 
individual microtubules were indicated with a digitizing tablet. These 
microtubules were then followed throughout a series of  3-5 images of 
the same field recorded at different times. The position and time data 
from each set of microtubules were converted into  a graph of distance 

D.  L. Stemple, S. Sweet, M. Welsh, and J. R. McIntosh, manu- 
script in preparation. 
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Preparation o r  Kinesin ( rum Spa lfrchin Eggs 

ill 2) 57,WO x g. 45 min 
I )  Homogenize in PMEG 

3)  140,000 x g, 45 min 

Cell Extract 

0 * C .  3045 rnin 
1 mM GTP, 20 WM taxol, 

Assembled Microtubules 

FIG. 1. Flow diagram for the pu- 
rification of kinesin activity from 
sea urchin eggs. Cell extracts contain- 
ing  assembled  microtubules (MT) were 
divided into 3 aliquots  with the following 
additions: 10 mM MgSO,, 10 mM 
MgATP, or 10 mMAMPPNP. In the 
ATP-treated cell extract, kinesin activ- 
ity remained in the supernatant and was 
further fractionated by sucrose  density 
centrifugation. In the AMPPNP-treated 
cell extract, kinesin activity was pelleted 
with the microtubules and subseauentlv 

1)  10 mM MgS04 , 

2) 27,000 x g, 60 mm 

Conlrol Extract MTs 

extracted  with MAP fraction. This ma-- 
terial was further purified  by  gel filtra- 
tion or sucrose density gradient centrif- 
ugation.  Control  microtubules  contained 
low but  detectable  amounts of kinesin 
activity  in some preparations. 

moved as a function of time. The mean rate of microtubule  gliding 
was then determined from the slope of the line  which  was fitted to 
the data by the method of least  squares. 

Photography-Images of microtubule movement recorded  on 
videotape were displayed on a flat-face video  monitor (Tektronix 
number 634, Beaverton, OR) and  photographed  with a Nikon FM 35- 
mm camera  using Plus-X film  and a 0.5-s exposure. Axoneme  gliding 
was displayed from the original  videotape  without  modification of the 
image. In  order to improve visualization, images of singlet microtu- 
bules  were first collected and stored by the video  processor, and then 
an out-of-focus  background image was subtracted from the stored 
images. Contrast on these subtracted images was digitally  increased 
by the video  processor  before  display on the video  monitor. 

RESULTS 

Isolation of Kinesin Activity from Crude  Extracts-Kinesin 
activity  in  crude  extracts of sea  urchin egg was examined by 
comparing  supernatant  and  pellet  fractions  from  three differ- 
ent microtubule preparations  as described under  “Experimen- 
tal  Procedures”  and Fig. 1. As reported previously, microtu- 
bules treated  with  MgAMPPNP  contained significantly 
greater  quantities of the -130-kDa kinesin pol-ypeptide than 
did  control  microtubules  treated  with MgSO, (see Fig. 2 and 
Scholey et al.,  1985).  However, control  microtubule  pellets 
occasionally contained low but  detectable levels of the 130- 
kDa polypeptide  when assayed  on  immunoblots.  ATP  extracts 
of these  preparations also  showed low levels of microtubule 
translocating  activity  as  detected by video microscopy. These 
results suggested 1) that  the  kinesin  present  in  the  crude 
extract was in equilibrium  between  a  microtubule-associated 
form and a  soluble form  and 2) that  this equilibrium  could be 
shifted by changes  in  the nucleotide level of the  extract.  In 
support of this hypothesis, we found  that  the removal o f  
endogenous  nucleotides by the  addition of apyrase  promoted 
binding of kinesin  to  microtubules (Scholey et al., 1985), and 
that  addition of 10 mM MgATP  to  microtubule-containing 
cell extracts  inhibited  kinesin  binding  to  the  microtubules 
(Fig. 2). ATP-treated  microtubule  pellets  contained  no  de- 
tectable p130 antigen,  and  subsequent  ATP  extraction of 
these microtubule pellets released no  microtubule  translocat- 
ing  activity.  However, both  translocating  activity  and  the 
p130 antigen were detected  in  the  supernatant of the  ATP- 
treated,  crude  extract (Fig. 2). This soluble activity was fur- 
ther  fractionated by sucrose density  gradient  centrifugation, 
yielding  a  single peak of activity  sedimenting at 9.5 S. This 
peak coincided with  the  peak of the 130-kDa kinesin polypep- 
tide  detected by immunoblotting (Fig. 2). 

Isolation of Kinesin Activity from  AMPPNP-treated Micro- 

L I_, 
r L  L, 

1) 10 mM MgATP 
2) 2 7 , W  x g, 60 min 

1) 10 mM Mg M P N P  
2) 2 7 , W  x g, 60 min 

ATP Extract ATP MTs AMPPh’P Extract .AMPPIUP MTs 

S20% sucrose gradients 
la) 10 mM Mg ATP or 
lb)  0.5 M NaCI, 0.2 mM ATP 
2) 100.000  x  g,  20 min 

TUBULIN 
Crude Kinesin, -9.5 S L 2) Cl5% merose  gradients 

1) Bogel A5m or 

Partially purified kinesin, - 9.5 S 

tubules-The microtubule  translocating  activity  present  in 
crude  extracts was purified  efficiently  by virtue of its 
AMPPNP-induced  binding  to  microtubules (Vale et al., 1985c; 
Scholey et al., 1985). AMPPNP-treated microtubules were 
washed in  extraction buffer without  additional nucleotide, 
leaving both  the  kinesin  activity  and 130-kDa  polypeptide in 
the pellet  (Figs. 1 and 3A, Scholey et al., 1985). The  kinesin 
activity  and  130-kDa polypeptide were subsequently  extracted 
from  the  microtubules by the  addition of 0.1 M NaCl + 10 
mM MgATP.  This effect  was specific for ATP; similar extrac- 
tions  with 0.1 M NaCl  and  10 mM MgAMPPNP  did  not 
release k i n e ~ i n . ~  

The  ATP  extract of AMPPNP-treated microtubules was 
highly enriched  in  both cytoplasmic dynein-like  (HMR-3) 
and  kinesin (p130)  polypeptides and  contained  abundant mi- 
crotubule  translocating  activity (see Fig. 3A, this  report,  and 
Figs. 1 and 2 of Scholey et ab, 1985). When  the ATP extract 
was fractionated by Bio-Gel A-5m chromatography,  the peak 
of microtubule translocating  activity  routinely coincided  with 
the peak of the 130-kDa  polypeptide. This  peak  fraction also 
contained variable amounts of other  contaminating polypep- 
tides,  including HMR-3,  the  80-kDa  MAP,  and  tubulin.  The 
latter polypeptides were also  present  in  ATP  extracts of 
control microtubule pellets  that lacked both microtubule 
translocating  activity  and  the  130-kDa polypeptide (data  not 
shown).  The significance of other polypeptides in  the  peak 
fraction  is  under  current  investigation. 

The  ATP  or  NaCl  extracts of AMPPNP-treated  microtu- 
bules were also fractionated by sucrose density  gradient  cen- 
trifugation  (see Fig. 3B). As with kinesin  prepared directly 
from  crude extracts (Fig. 2), the microtubule translocating 
activity  present  in high salt  extracts of microtubules  copuri- 
fied with  the  130-kDa polypeptide, sedimenting at 9.5 S (Fig. 
3B). While this procedure was less  efficient than gel filtration 
at  separating  the  130-kDa polypeptide  from other polypep- 
tides,  it  demonstrated  that  the microtubule translocating  ac- 
tivity could be completely separated  from  the  HMR-3 poly- 
peptide  sedimenting at  20 S (see Fig. 3B, fractions 8-10). The 
peak of activity  also coincided with  the  peak of the  antigen 
recognized by the  antibody  to  the 110-kDa subunit of squid 
kinesin (see Fig. 3B, fractions 14-17). These  results agree 
with previous observations  on  the copurification of kinesin 
polypeptides and microtubule translocating  activity  on Bio- 
Gel A-5m columns  (Scholey et al., 1985; Vale et al., 1985~).  

Characteristics of Sea  Urchin Egg Kinesin Activity-Sea 

J. M. Scholey and M. E. Porter, unpublished observations. 
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A T P  AMPPNP A. ATP 
P 'S 12 14 16 18 20 s P MAPS PEAK - 

130 

ATP AMPPNP 
P S 12 14 16 18 20 S P B. 

. - .. 

130 
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FIG. 2. Cosedimentation of p130  and   k ines in   ac t iv i ty  in 
c rude   ex t r ac t s  of sea urchin eggs. The following fractions were 
run on  a 5-20?; polyacrylamide gel (bottom), blotted to nitrocellulose 
(top),  and probed  with  a blot  affinity purified antibody  to  p130 ATP- 
P, pellet of microtubules following addition of 10 mM MgATP  to  the 
cell extract. S, ATP supernatant  containing motility activity which 
was loaded onto a 5-15% sucrose density  gradient. 12-20, even- 
numbered fractions from the sucrose gradient of the  ATP  superna- 
tant.  Motility  activity peaked a t  9.5 S in fractions 13-17, which also 
contained  the p130 antigen. AMPPNP-S, supernatant from cell 
extract which was treated with 10 mM MgAMPPNP  and centrifuged 
to remove microtubules. P, pellet of AMPPNP-treated  microtubules 
containing  the p130 antigen.  Identical  results were obtained with the 
antibody  to  the squid  110-kDa  kinesin  polypeptide. 

urchin egg kinesin will induce  three  types of microtubule 
mediated  motility in uitro: movement of microtubules  relative 
to  other  microtubules  in  solution,  movement of carboxylated 
latex  beads  along  microtubules,  and  gliding of microtubules 
over  a  glass  surface  (Scholey et al., 1985; this  report).  Since 
microtubule  gliding  was  the  easiest  movement to observe  and 
measure  quantitatively, we primarily  used  this  assay  to  char- 
acterize  kinesin-induced  motility.  We  have  also  examined 
kinesin  activity  at all stages of purification  and,  except  where 

FIG. 3. Copurification of the   130-kDa  kinesin  polypept ide 
and  microtubule  translocating  activity  following extraction 
of  AMPPNP-treated  microtubules. A, the polypeptides present 
in a  typical ATP  extract of AMPPNP-treated microtubules (ATP 
MAPS)  and  the  corresponding peak motility-inducing  fraction  from 
a Bio-Gel A-5m column ( P E A K )  were visualized on 5-15% polyac- 
rylamide SDS gels stained with  Coomassie Blue. Similar data were 
published in Scholey et al., 1985. B, A high salt  extract (HS) of 
AMPPNP-treated microtubules was fractionated by sucrose density 
gradient  centrifugation,  and  the  resulting  fractions (2-20) were then 
tested for motility in  the microtubule gliding assay (+ or -) and 
analyzed by SDS-polyacrylamide gel electrophoresis (top) and  im- 
munoblotting (bottom) with  a 1:lOOO dilution of the  rabbit  antiserum 
to  the 110-kDa  polypeptide of squid  kinesin. The direction of sedi- 
mentation was  from left to right, with  fraction 20 on the far ktt from 
the  top of the  gradient.  Note  that  the peak of the 130-kDa sea urchin 
kinesin  polypeptide in fractions  15  and 16 corresponded  with the 
peak of the  antigen recognized by the  antiserum  to  the  squid 110- 
kDa  polypeptide and  the peak of motility-inducing  activity. These 
fractions were active at a 4-fold dilution. 
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noted, have detected  no difference as a result of purification. 
We  have therefore focused our  characterization  on column 
purified material (e.g.  Fig. 3A). 

Characteristics of Microtubule Gliding-Kinesin-induced 
microtubule gliding was routinely assayed by incubating  the 
test  sample with  taxol-stabilized microtubules  and  MgATP. 
Microtubules moved across  the glass surface  on  linear  paths 
parallel to  their long axes  (see Fig. 4). As the  active kinesin 
concentration was  decreased by aging or by addition of inhib- 
itors, microtubule movement became progressively more ir- 
regular. Linear  paths became  more serpentine,  and  microtu- 
bule activity gradually  became  limited to  bending  and flexing 
movements. Successive dilutions of active  kinesin eventually 
reduced the  binding of the  microtubules  to  the coverslip 
surface,  and very few microtubules were bound  to glass  in the 
absence of kinesin. 

Kinesin  also induced the gliding of flagellar axonemes  that 
had been stripped of their  dynein  arms  (see Fig. 5). Axoneme 
gliding was less consistent  than  singlet  microtubule gliding, 
in that fewer axonemes were  moving  in  a given field than  in 
a similar field of singlet microtubules.  However, the  axonemes 
that did glide moved a t  rates  comparable  to  those of singlet 
microtubules. 

Polarity of Egg Kinesin Motility-Earlier work indicated 
that  neuronal kinesin  induces  bead  movement  toward the  plus 
ends of microtubules  nucleated and assembled from centro- 
somes in vitro and induces  microtubule gliding toward their 
minus  ends (Vale et al., 1985d). We tested  the polarity of sea 
urchin egg kinesin motility  as shown  in Fig. 6. Carboxylated 
latex  beads  coated  with sea urchin egg kinesin  purified by  gel 
filtration  translocated away from the  centrosome toward the 
plus  ends of the microtubules. In  addition,  axonemes which 
were seeded with  brain  tubulin were also observed to glide 
toward their  minus  ends  (data  not shown). 

MgATP Dependence of Motility-Motility mediated by sea 
urchin egg kinesin  showed  a strict  requirement for  Mg2' and 
nucleoside triphosphates  (see  Table I). Incubation with apyr- 
ase  to deplete  nucleotides inhibited microtubule  movement, 
although  many microtubules were still  attached  to  the glass 
surface. The removal of Mg2'  ions by chelation  with 5 mM 
EDTA or high concentrations of other nucleotides (ADP, 
AMP, etc.) also inhibited microtubule gliding. 

The  rate of microtubule gliding increased  with ATP con- 
centration,  saturating  at a VmaX of -0.54 pm/s  in the  prepa- 
ration shown in Fig. 7. No movement was observed at -1 p~ 

- - "_ . "" " - . . . . . 

FIG. 4. Microtubule gliding. Column purified sea  urchin egg kinesin  was allowed to adhere to a glass  coverslip, 
mixed  with taxol-stahilized  hrain microtuhules, and 50 p~ ATP, and  then sealed to a glass  slide.  Microtuhule 
gliding on  the coverslip surface was viewed by video-enhanced DIC microscopy. Shown here are four frames  taken 
from the video monitor a t  14-s intervals. The  ends of three  numbered microtubules are indicated (*), and  their 
direction of movement is shown throughout  the sequence (+). These microtubules are gliding a t  a rate of 0.39 2 
0.08 pm/s. Scale bur = 5 pm. 
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FIG. 5. Axoneme  gliding.  Sea  urchin egg kinesin was allowed to 
adhere  to a  glass  coverslip and  then mixed with 1 mM ATP  and sea 
urchin flagellar axonemes which  were stripped of their dynein arms. 
Axoneme  gliding on  the glass surface  was viewed by video-enhanced 
DIC microscopy. Shown  here  are  three  frames  taken a t  20-s intervals 
from the video monitor. Scale  bar = 5  pm. 

ATP,  but  at 10 p~ ATP,  microtubules  translocated a t  a mean 
rate of  -0.2 pm/s. Half-maximal velocity was  reached  between 
10 and 20 p~ ATP. 

Other nucleotide triphosphates  also  supported  motility by 
column  purified  kinesin (see  Table  I). GTP was the  best 
substitute for ATP;  at 1-5 mM GTP, kinesin-induced M T  
gliding was indistinguishable from movement in the presence 
of ATP. 1-5 mM ITP also  substituted for ATP,  but  the  rate 
of microtubule  gliding  was approximately  one-half  the  rate 
observed in ATP (0.25 pm/s a t  1 mM ITP).  Finally,  CTP  and 
UTP were poor substrates for  kinesin  activity. Motility in the 
presence of 1-5 mM CTP or UTP was marginal  and  might be 
due  to  the  presence of contaminating  ATP  in commercial 
preparations of these nucleotides. 

Inhibition of Motility by ATP Analogs-Kinesin-induced 
motility probably requires ATP  turnover  since  addition of 
nonhydrolyzable  nucleotide analogs (ATPrS  and  AMPPNP) 
immediately inhibited microtubule  gliding in  the  presence of 

I 

FI(;. 6. Polar i ty  of egg kinesin-induced  bead  motility. Col- 
umn purified kinesin was incuhated with a 100-fold dilution of car- 
boxylated latex heads (2.5% solid solution) for 10 min on ice, and 
then  the  heads were  combined  with astral  arrays of microtubules 
which had been  nucleated and assembled off of isolated  centrosomes. 
Between 0 and 1 s, a latex head in solution bound  to  the microtubule. 
Images a t  2.9 and 4.4 s show  a bead translocating toward the  plus 
end of the microtubule. Scale  bar = 1 pm. 

TABLE I 
Nucleotide specificity 

Nucleotide Concentration Motility 

ATP 
CTP 

10 pM-10 mM + 
1-5 mM - 

GTP 1-5 mM 
ITP 

+ 
UTP 

1-5 mM + 
ADP 1-10 mM - 
AMP 1-10 mM 
ATPyS 1-10 mM 

1-5 mM - 
- 
- 

equimolar concentrations of ATP. In the presence of these 
analogs,  microtubules were bound  to  the glass  surface but did 
not move. Lower concentrations of these analogs slowed the 
rate of movement  in a dose-dependent fashion and induced 
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FIG. 7. The rate of microtubule gliding is a  function of the 
ATP concentration. Column purified  kinesin was dialyzed,  diluted, 
and reconcentrated to reduce the [ATP] to less than 1 p ~ .  This 
material was then recombined  with taxol-stabilized  microtubules 
containing  less than 50 p M  GTP and assayed for microtubule  gliding 
in the presence of various concentrations of ATP. No movement was 
observed in the absence of added  ATP. The rate of microtubule 
gliding  between 0 and 10 p M  ATP is represented by a dashed  line 
because of uncertainty  concerning the threshold concentration of 
ATP  required for microtubule  gliding. 

TABLE I1 
Inhibition of microtubule  gliding by ATP analogs 

Nucleotide Concentration [Mg] [ATP] Motility 
- 

m.u mM mhf 
ATPyS 1 .o 3 1 

2.5 3 1 
& - 

AMPPNP 0.5 5 1 + 
1.0 5 1 
1.5 

f 
5 1 - 

S-N,-ATP -UV, 10 mM 10mM 0.2 mM + 
+UV, 10 mM 10 0.2 - 
-UV, 10 mM 10 10 + 
+UV, 10 mM 10 10 + 

more  irregular and  serpentine  microtubule movement (see 
Table 11). 

The photoactivatable analog, 8-azido-ATP  (Czarnecki et 
al., 1979), inhibited  kinesin-induced  motility following UV 
irradiation of kinesin  and  8-azido-ATP  mixtures. As shown 
in  Table 11, motility was normal  in  the  presence of 10 mM 8- 
azido-ATP.  One-minute  exposure of kinesin to UV and 10 
mM 8-azido-ATP, however,  completely  blocked  motility. Con- 
trol  experiments  with  10 mM ATP  indicated  that UV irradia- 
tion itself did  not  inhibit motility. Furthermore,  addition of 
10 mM ATP  to  the  mixture of kinesin  and 10 mM 8-azido- 
ATP  prevented  the UV-induced inactivation.  These  results 
suggest that UV irradiation  cross-links  the  8-azido-ATP  to 
an  ATP-binding  site  essential for kinesin activity. 

Inhibition of Motility by  Other  Reagents-We have  also 
compared  the effects of other  ATPase  inhibitors  on  kinesin- 
induced microtubule motility.  Addition of the  phosphate  an- 
alog, sodium vanadate  (Na3V04),  interfered  with  microtubule 
gliding at  concentrations  greater  than 50 pM (see Table 111). 
Twenty PM vanadate was without obvious  effect, but 50 WM 
vanadate caused microtubule gliding to become more irregular 
and  serpentine,  and 100 PM vanadate completely  blocked 
microtubule  movement. 

Nonionic  detergents  such as Triton  X-100  have  been shown 
to  activate  the  ATPase  activity of soluble sea  urchin flagellar 
dynein  but  inhibit  its  ability  to  stimulate flagellar beat  fre- 

Microtubule Motility 
TABLE 111 

Effect of ATPase  inhibitorslactiuators 
Inhibitor  Concentration/condition Motility 

Vanadate 20 pM 
50 pM 
100 pM 

Triton X-100 0.16% 
Tween 20 0.05% 

NEM" 2 mM 
3 mM 
5 mM 

+ 
+ 

+ 
f - 

a The effect of N-ethylmaleimide (NEM) on kinesin  activity was 
tested by preincubation of test sample  with  N-ethylmaleimide at the 
concentrations  indicated at room temperature ("C) for 15 min.  These 
samples  were then treated with 10 mM dithiothreitol on ice for 15 
min  before  mixing  with  microtubules. Control  experiments  in  which 
10 mM dithiothreitol was added prior to N-ethylmaleimide treatment 
indicated that kinesin  activity was normal. 

TABLE 1V 
Inhibitors of energy  metabolism 

Inhibitor  Concentration Motility 

Ouabain 50 p M  + 
Azide 5 mM + 
Dinitrophenol (DNP) 1 mM + 
Deoxyglucose  (DEOG) 
DNP + DEOG 

1 mM + 
1mM+lmM + 

quency (Gibbons  and Gibbons, 1979). However, low  (0.05- 
0.16%) concentrations of Triton X-100 and  Tween 20 did not 
affect kinesin's  ability to  induce microtubule gliding (see 
Table 111). 

Egg kinesin  activity  is also  relatively insensitive  to modifi- 
cation of " S H  groups by preincubation  with  N-ethylmaleim- 
ide,  since  high concentrations (>3-5  mM) were required to 
block motility. Furthermore,  at  such  concentrations of N -  
ethylmaleimide, microtubules were not frozen in place, but 
were released from  the  glass surface, unlike  the effects of 
AMPPNP  or  vanadate. 

Several  agents  that  inhibit energy  metabolism  have  been 
reported  to block microtubule-based motility in uiuo (Spurck 
et al., 1986). None of these  agents, however, had  any  direct 
effect on  kinesin  activity  in  the presence of ATP in uitro (see 
Table IV). 

We also tested a variety of other  agents  and  treatments  on 
kinesin activity. As expected, treatments  that  inactivate  pro- 
teins (e.g. trypsin digestion or boiling)  irreversibly inactivated 
egg kinesin.  Agents that  coat  the glass  surface (e.g. poly-L- 
lysine or high concentrations of nonspecific proteins)  and 
possibly interfere  with  kinesin  binding also blocked motility. 
High  concentrations of calcium  (10 mM) had no effect on 
purified kinesin  activity,  but occasionally blocked motility  in 
crude  extracts,  an effect  which may be due in  part  to calcium- 
activated proteolysis. 

DISCUSSION 

Egg Kinesin Is Associated with the Microtubule Translocat- 
ing Activity in Crude Egg Extracts-Sea urchin egg extracts 
contain a complex mixture of MAPS  and  ATPase  activities 
(Vallee and Bloom, 1983; Scholey et al., 1984; Pratt, 1984). 
These include  several molecules that  might serve as micro- 
tubule-associated  motors in uiuo: cytoplasmic dynein  (Wei- 
senberg  and  Taylor, 1968; Pratt, 1980; Pratt et al., 1980; 
Hisinaga  and  Sakai, 1980, 1983; Scholey et al., 1984; Piperno, 
1984; Hollenbeck et al., 1984; Asai and  Wilson, 1985; Porter 
et al., 1985), HMR-3 (Scholey et al., 1984), kinesin (Scholey 
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et al., 1985), and a 10 S microtubule-stimulated  ATPase  that 
differs from kinesin  and  dynein (Collins and Vallee, 1986). In 
this  paper, we have  examined  the  in vitro motility of purified 
egg kinesin  and  have  compared  it  with  the  corresponding 
activity  found  in  crude egg extracts.  Our  results  indicate  that 
kinesin  is  associated with virtually  all  the  microtubule gliding 
activity observed  in egg extracts  in vitro. 

We have followed the  distribution of the  kinesin  130-kDa 
polypeptide and  the  microtubule  translocating  activity 
through a variety of fractionation protocols and  found  that 
the two consistently copurify. Microtubules from AMPPNP- 
treated cell extracts  are always enriched  in  both  the  130-kDa 
kinesin polypeptide and  translocating  activity (see Figs. 2 and 
3 and Fig. 2 of Scholey et ai., 1985),  whereas  microtubules 
from cell extracts  containing  ATP  with  no  added  AMPPNP 
consistently lack both  the  kinesin polypeptide and  the  trans- 
locating activity. In  the  latter case, the two remain  in  the 
supernatant  fraction of the  microtubule-depleted cell extract 
and  cosediment  as a 9.5 S peak  on sucrose density  gradients 
(see Fig. 2 ) .  These  results  strongly suggest that  kinesin  is 
primarily responsible  for microtubule gliding  induced  by crude 
egg extracts  (Pryer  et al., 1986). 

These  experiments  also  indicate  that  microtubule gliding 
on glass is  not induced under  our  conditions by either  cyto- 
plasmic  dynein or  the  microtubule-stimulated  ATPase  activ- 
ity described by Collins  and Vallee (1986). Cytoplasmic dynein 
sediments at  20 S and does not  exhibit  microtubule  translo- 
cating  activity in our assays," whereas  the  10 S ATPase 
cosediments with microtubules  in  an  ATP-independent  fash- 
ion (Collins  and Vallee, 1986). Whether  these  proteins  are 
associated with other  types of microtubule-based  motility 
remains  to  be  established.  Interestingly,  Pryer  et al. (1986) 
detected  bidirectional bead and vesicle movements  in  crude 
egg homogenates, analogous  to  the bidirectional movements 
observed in squid axoplasm (Allen et al., 1985; Brady  et al., 
1985; Schnapp  et al., 1985; Vale et al., 1985a, 1985b, 1985d). 
Since purified egg kinesin is a unidirectional,  anterograde 
translocator,  it  is  not  sufficient  to  account for this bidirec- 
tional  movement of particles  relative  to microtubules. 

Characteristics of Egg Kinesin Activity-We have examined 
the  activity of egg kinesin  throughout  the  various  stages of 
purification  and have thus  far  detected  no  significant  quali- 
tative  changes  in  the  in vitro motility  properties of the  protein 
as it is isolated. These  results suggest that we are  retaining 
native  activity  throughout  our  purification protocol. More 
specifically, we have compared  both  the  rate  and  the  polarity 
of microtubule gliding mediated by the  crude  kinesin  present 
in  the  supernatants of ATP-treated cell extracts,  the micro- 
tubule  associated  kinesin  prepared by ATP  extraction of 
AMPPNP-treated microtubules, and  the  partially purified 
kinesin  prepared by gel filtration or sucrose density  gradient 
centrifugation. All preparations  induce  microtubule gliding at 
maximum  rates of  >0.5 lm/s,  and  the  microtubules always 
move with their  minus  ends leading (this  report;  Pryer  et al., 
1986). Furthermore, only small differences  between the  prep- 
arations have been  observed with  respect  to  their  sensitivities 
to nucleotides or inhibitors,  and  these differences are probably 
a result of contaminants in the  crude  extracts. 

Comparison of Egg Kinesin with Neuronal Kinesins-We 
have  compared  the  in vitro motility  properties of  egg kinesin 
with those  reported for neuronal  kinesins from squid  axo- 
plasm  and bovine brain (Vale et al., 1985c, 1985d). In  spite of 
differences in  the species and cell type of origin and  the 
molecular  weights of their major  polypeptide on  SDS-poly- 

M. E. Porter and J. M. Scholey, unpublished observations. 

acrylamide gel electrophoresis, these  proteins  are virtually 
indistinguishable  on  the  basis of their motile  behavior in vitro. 
Thus, egg and  neuronal  kinesins  can be described as members 
of a  family of proteins  that  share  strong  functional  and 
immunological homologies. The  similarity of the  in vitro 
motility  properties of neuronal  and  non-neuronal  kinesins 
suggests that  this  assay  can be used to  identify  kinesin-like 
molecules in other cell types as well. 

Nucleotide Dependence of Kinesin-induced Motility-The 
microtubule  gliding  induced by egg kinesin  is  strictly  depend- 
ent  on  the  presence of hydrolyzable  nucleotide triphosphates 
and Mg2+ cations;  the  rate of microtubule  gliding increases 
with the  ATP  concentration.  Furthermore,  ATP  analogs  such 
as  AMPPNP,  ATP+,  and  8-azido-ATP  plus UV light  are 
effective inhibitors of kinesin-induced motility. These  results 
strongly suggest that  ATP hydrolysis is  essential for the 
motility induced  by egg kinesin.  We have thus  far been 
unsuccessful in  our  attempts  to  measure a  significant ATPase 
activity  associated  with  the purified kinesin polypeptides, 
either  in  the  presence or absence of microtubules. Note, 
however, that  activation of the dynein ATPase by purified 
microtubules  in  solution  has only  recently been observed 
under specialized conditions  (Omoto  and  Johnson, 1986). The 
lack of activity  can  be  explained if the  ATPase  activity of 
kinesin is tightly coupled to motility, or if only a small  fraction 
of the  kinesin  in  our  preparations  is actively engaged in 
motility at any  one time. Interestingly, a recent  report by 
Brady (1985) has  indicated  that chick brain microtubules 
prepared  in  AMPPNP  contain  both a 130-kDa  polypeptide 
and  an  increased  ATPase activity. Whether  this increased 
ATPase  activity is directly  associated  with kinesin  remains 
to  be  determined. 

Relationship of Egg Kinesin  Motility in Vitro to Microtubule- 
mediated  Movements in Vivo-Sea urchin eggs perform a 
variety of microtubule-mediated movements  which  include 
pronuclear  migration, chromosome  congression to  the  meta- 
phase  plate, chromosome to pole  movement (anaphase  A), 
pole to pole elongation  (anaphase  B),  and organelle transport. 
Presently,  the  relationship of  egg kinesin-induced  motility to 
any of these  movements  is  unknown. However,  with the 
development of in vitro models  for these movements (e.g. 
Cande  and  McDonald, 1985, 1986), we may soon be  able  to 
compare  our  observations  on  the  polarity, velocity, and  phar- 
macology of egg kinesin  activity  in vitro with  data from  more 
complex  systems. For example, the microtubules of a mitotic 
aster  are  oriented  with  their  plus  ends  distal  to  the  spindle 
pole (Euteneuer  and  McIntosh, 1980,1981;  Telzer and  Haimo, 
1981), and  thus a unidirectional  kinesin  motor  cannot  account 
for the bidirectional movements of organelles  seen both  in 
the living cell (Rebhun, 1960, 1972) and  in  crude egg homog- 
enates  (Pryer  et al., 1986). I t  seems likely that  at  least  one 
other  factor, analogous to  the  retrograde  motor described  in 
squid  axoplasm  (Vale et al., 1985d), is  present in  sea urchin 
eggs, but  its molecular identity is still  unknown. A better 
understanding of the significance of kinesin-induced  motility 
for  microtubule-mediated  movements will require direct  in- 
hibition of its  function in vivo. We  are  presently  conducting 
microinjection experiments  with specific probes in order  to 
achieve this goal. 
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