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Tubulin is a GTPase  that  hydrolyzes its bound  nucle- 
otide  triphosphate  after  it  becomes  incorporated  into  a 
microtubule.  The only known consequence  of  nucleotide 
hydrolysis is that  it  increases  the  dissociation  rate of 
tubulin  from  the  end  of  the  microtubule  by 2 orders  of 
magnitude.  In  this  study,  we  investigated  whether  mi- 
crotubules  composed  of  tubulin-GMPCPP  (guanylyl cy,@- 
methylenediphosphate) (a very  slowly  hydrolyzed GTP 
analog)  or  tubulin-GDP  exhibit  additional  structural  or 
functional  differences. We show  that  tubulin-GMPCPP 
microtubules  are  significantly  stiffer  than  tubulin-GDP 
microtubules  and  have  a 21% shallower  protofilament 
twist  angle. We also  find  that  kinesin,  a  microtubule- 
based  motor  protein,  transports  tubulin-GMPCPP  mi- 
crotubules  at -30% faster  rates  than  tubulin-GDP 
microtubules.  These  findings  suggest  that  growing  mi- 
crotubule  ends,  which  are  thought  to  be  composed  of 
tubulin-GTP,  may  have  different  structural  and  mechan- 
ical  properties  from  the  remainder of the  microtubule 
polymer. 

Microtubules,  cylindrical  polymers of C U , ~  tubulin  subunits, 
are involved in  various forms of cell motility including ciliary 
beating, movement of chromosomes during mitosis, and or- 
ganelle  transport (1). Microtubules grow and  shrink by adding 
subunits  to  their  ends,  and  they  exhibit considerable fluctua- 
tions  in  length  even  under  steady  state conditions. The growing 
and  shrinking  phases correspond to  the  net  addition or loss of 
thousands of tubulin  subunits,  and  transitions  between  these 
two states  are  stochastic  and  generally  abrupt.  This  unusual 
behavior, termed  dynamic  instability (2), has been visualized 
for microtubules in vitro (3, 4) and in  vivo (5-7). Dynamic 
instability  enables  the cell’s microtubule network  to  turnover 
rapidly  and  thereby  change  its configuration. 

Dynamic instability, which does not occur with polymers that 
are  in a simple  binding  equilibrium  with a pool of monomers 
(81, is an energy-requiring phenomenon that is thought  to be 
linked  to  GTP hydrolysis by tubulin. According to  the  most 
widely accepted model (the  GTP cap  hypothesis;  reviewed in 
Ref. 91, microtubules grow when  tubulin  containing  GTP 
(bound at the  exchangeable  site on the p subunit)  adds  to  tu- 
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bulin-GTP subunits at the  end of the polymer;  hydrolysis of the 
nucleotide  occurs relatively  rapidly  after incorporation into  the 
polymer. The microtubule continues  to grow as long as it has a 
cap of tubulin-GTP  subunits; however, if  nucleotide  hydrolysis 
exposes  GDP-containing subunits at the  end of the polymer, 
then  tubulin-GDP  subunits  rapidly dissociate and  the microtu- 
bule  enters a shortening  phase.  Current  estimates for the size 
of the  GTP cap suggest  that it may be smaller  than 200 sub- 
units (10). 

Since  microtubules contain a paucity of tubulin-GTP  sub- 
units, nonhydrolyzable analogues of GTP  serve  as useful  tools 
for examining  the  structure  and  dynamics of microtubules com- 
posed entirely of tubulin  with unhydrolyzed  nucleotide. One 
such  analogue is GMPCPP,’ which is hydrolyzed extremely 
slowly (4 x s-’) after being incorporated  into  the microtu- 
bule (11). Tubulin-GMPCPP has an  on-rate  similar  to that of 
tubulin-GDP, and  the  analogue  binds  to  tubulin  with  an affin- 
ity  comparable  to that of GTP (11). These  results  indicate  that 
GMPCPP is indeed a good analogue for studying  the conforma- 
tion  and  properties of tubulin  with unhydrolyzed  nucleotide. In 
accordance with  the  GTP cap hypothesis, microtubules com- 
posed of tubulin-GMPCPP  are  extremely  stable  (12, 13) and 
subunits dissociate at 5000-fold slower rates  than  those  meas- 
ured for tubulin-GDP (11). 

In this study, we have  examined  the  structure, mechanical 
properties,  and kinesin-induced  motility of microtubules com- 
posed of either  tubulin-GMPCPP or tubulin-GDP.  Kinesin is a 
microtubule-based  motor protein, composed of two  120-kDa 
heavy  chains  and two 60-70-kDa light  chains, that is  thought 
to  transport  membranous organelles along microtubules  (14, 
15). We show here that the  microtubules composed of tubulin- 
GMPCPP  are stiffer and  have a shallower protofilament twist 
angle  than  tubulin-GDP microtubules. We also find  that  kine- 
sin  transports  tubulin-GMPCPP microtubules at rates -30% 
faster  than  those of tubulin-GDP microtubules,  even though 
both  types of microtubules  stimulate kinesin’s ATPase activity 
to  the  same  extent. Together, these  results  suggest that GTP 
hydrolysis by tubulin significantly  affects the  structural  and 
mechanical  properties of microtubules. 

MATERIALS AND METHODS 
Preparation of  Microtubules  and Motor Proteins-Tubulin  from bo- 

vine brain was prepared  and  modified  with  N-hydroxysuccinimide  rho- 
damine, as described by  Hyman et al. (11). Microtubules (>4 mg/ml) 
were polymerized in BRB80 180 m M  PIPES, pH 6.8, 1 mM MgCl,, 1 mM 
EGTA)  supplemented  with 4 mM MgC1, in the presence of either 1 mM 
GTP  (Boehringer Mannheim) or 1 mM GMPCPP (a gi f t  from Dr.  T. 
Mitchison) for 15 min at 37 “C. Unless  indicated,  microtubules  were 
subsequently stabilized by addition of 20 PM taxol (a gift from the 
National Cancer Institute). For the ATPase experiments, microtubules 

The  abbreviations used are: GMPCPP,  guanylyl  a$-methylene- 
diphosphate;  PIPES, 1,4-piperazinediethanesulfonic acid. 
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23770 Properties of nbulin-GDP  and  lbbulin-GMPCPP Microtubules 
TABLE I 

Velocities of motor-driven transport of tubulin-GDP or 
tubulin-GMPCPP microtubules 

Motility assays were  performed as described under "Materials and 
Methods." The human kinesin express in E. coli contained amino acids 
1-560  of the heavy chain. The velocities of 60 microtubules were meas- 
ured, and  the mean and standard deviation were determined. The ratio 
refers to the velocity of tubulin-GMPCPP microtubules divided by the 
velocity of tubulin-GDP microtubules. The p values were determined 
using a two-tailed t test. 

Velocity 
Motor Ratio p Value Tubulin-GDP Tubulin-GMPCPP 

P M / S  

Squid kinesin 0.50 * 0.04 0.67  0.02 1.34 <0.001 
Human kinesin 0.51 * 0.03 0.67  0.04 1.32 <0.001 

14 S Tetrahymena 2.74 f 0.07 2.68 * 0.13 0.98 >0.3 
(E. coli expressed) 

dynein 

were sedimented in a TLAlOO ultracentrifuge (280,000 x g; 5 rnin), the 
GTP-  or GMPCPP-containing supernatant removed, and the microtu- 
bules resuspended in nucleotide-free  buffer containing 10 p taxol. The 
overall results described in  this paper were the same whether the  tu- 
bulin-GMPCPP microtubules were assayed 10  min  or  24 h  after prepa- 
rations. Nonfluorescent microtubules exhibited a behavior similar to 
that of microtubules composed of rhodamine-labeled tubulin subunits. 

Chimeric microtubules composed of a tubulin-GMPCPP segment and 
a tubulin-GDP segment were prepared as described by Hyman (16). 
Briefly, rhodamine-labeled tubulin was first polymerized with 1 m~ 
GMPCPP at 37 "C. These brightly fluorescent microtubules (200 pglrnl) 
were then used as seeds to nucleate the assembly of a mixture of 
unlabeled tubulin (1.7 mg/ml) and rhodamine-labeled tubulin (0.3 mg/ 
ml) in  the presence of 1 mM GTP at 37  "C. After 15 min, the microtu- 
bules were diluted 5-fold into BRB80 containing 10 p~ taxol.  Because of 
their different fluorescent intensities, the tubulin-GDP and tubulin- 
GMPCPP segments of the microtubule could easily be distinguished by 
microscopy. 

Kinesin was purified from squid optic  lobes obtained at  the Marine 
Biological Laboratory (Woods  Hole, MA) by microtubule affinity fol- 
lowed  by sucrose gradient density centrifugation, as described (17). 
Squid kinesin was stored for up to 6 months in liquid nitrogen. 14 S 
dynein was prepared from  Tetrahymena cilia, as described by Johnson 
(18). 

The purification and characterization of the bacterially expressed 
human kinesin proteins used in  this study will  be  described in more 
detail elsewhere.' In brief, constructs containing the first 379  or  560 
amino acids of a human kinesin heavy chain (19) were  cloned into the 
PET-3A-based  plasmid  pHB40P. This expression plasmid was trans- 
formed into the Escherichia coli strain BL21(DE3), and  a  saturated 
overnight culture was diluted 100-fold into fresh medium and grown at 
30 "C for  20 h; no isopropyl-1-thio-P-D-galactopyranoside was used for 
induction, as the basal level of expression was sufficiently high. Cells 
were then centrifuged for  10  min at 8,000 x g. The liquid  medium was 
discarded, and  the cell pellets were  quick-frozen in liquid nitrogen. For 
purification, the frozen  cell pellets were resuspended in 10 volumes of 
KB buffer (25 mM PIPES, pH  6.8, 1 mM dithiothreitol, and protease 
inhibitors (50 pg/ml phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin, 
100 pgiml chymostatin, 0.5 pgiml leupeptin, 0.7 pgml pepstatin, 50 
pg/ml l-chloro-3-tosylamido-7-amino-2-heptanone)). Resuspended  cells 
were  broken with a French press, and  the insoluble material was re- 
moved  by centrifugation at 27,000 x g for 15 min. The supernatant was 
then loaded  onto a phosphocellulose  P-11  column; the column  was 
washed with 10  volumes of Kl3 buffer and  the kinesin protein eluted 
with a 0-1 M KC1 gradient in Kl3 buffer. Fractions containing the kine- 
sin protein were pooled, diluted 4-fold with K B ,  and  then loaded  onto a 
Pharmacia Mono-Q FPLC  column. The kinesin protein was then eluted 
from  column with a 0-0.5 M KC1 gradient in KB buffer. The purified 
kinesin-379 and kinesin-560 proteins (both >90% pure) were stored in 
KB/20% sucrose in liquid nitrogen. 

In Vitro Motility and ATPase  Assays-Assays  for kinesin (20,21) and 
14 S dynein (22) are explained in depth in previous studies. Essentially, 
squid kinesin (- 10  pg/ml) was adsorbed onto the glass surfaces of a flow 
chamber consisting of glass slide and 18 x 18-mm  coverglass separated 
by  two strips of double-stick transparent tape that was pretreated with 

J.  Kull, R. Vale, and R. Fletterick, manuscript in preparation. 
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bulin-GMPCPP  microtubules, and chimeric microtubules  by 
FIG. 1. Transport velocities of tubulin-GDP microtubules,  tu- 

squid  kinesin. Microtubules composed of tubulin-GDP, tubulin- 
GMPCPP, or chimeric microtubules containing a segment of each mi- 
crotubule type were prepared as described under "Materials and Meth- 
ods.''  Velocity measurements of 25 of each microtubule type  were made 
on the same glass surface; the bars and  the error bars represent the 
means and standard deviations, respectively. The relative lengths of the 
tubulin-GDP and tubulin-GMPCPP segments in the chimeric microtu- 
bules did not influence the velocity of transport;  in many instances, the 
tubulin-GMPCPP segment was as long or longer than the tubulin-GDP 
portion of the microtubule. 

casein (5 mg/ml; 2 rnin). 14 S dynein (100 pg/ml), and the bacterially 
expressed kinesin motor (amino acids 1-560;  200 pgiml) were adsorbed 
onto glass surfaces without casein pretreatment. After a 3-min adsorp- 
tion onto the surface, the flow cells  were  perfused with BRB80, and then 
rhodamine-labeled microtubules (-5 pglml tubulin-GDP or tubulin- 
GMPCPP) in BRB80 containing 1 mM ATP and an oxygen depletion 
system (10 mM dithiothreitol, 10 mM glucose, 20 pgml catalase, and 200 
pg/ml  glucose  oxidase)  was introduced into the chamber.  Movement of 
the microtubules was  observed using an epifluorescence  microscope 
with a silicon-intensified target camera (Hamamatsu Inc.), and re- 
corded  onto sVHS tape. Velocities  were analyzed using customized com- 
puter software. Video images for  publication  were generated using NIH 
Image 1.44 and Canvas software packages and then printed by a 
Tektronix Phaser IISE color printer. 

ATPase measurements were made using a coupled enzymatic assay 
that measures the decrease in absorbance of  NADH as  it gets converted 
to NAD+ during the reaction (23). Measurement of adsorbance were 
made every 2 s using a Beckman DU-640 spectrophotometer, and  linear 
regression analysis was used to calculate the rate of orthophosphate 
release. 

Cryo-electron  Microscopy-Microtubules (5 p1  of a 2-5 mg/ml solu- 
tion) were applied to EM grids coated with fenestrated carbon support 
films that had been rendered hydrophilic by  glow discharge. After 1 
min, excess liquid was blotted away and the grids were  quick-frozen by 
plunging them into liquid ethane  slush (24,  25).  They  were subse- 
quently stored in liquid nitrogen. Grids of tobacco  mosaic virus were 
prepared similarly for calibration purposes. 

Electron microscopy  was carried out on a Philips CMl2T electron 
microscope fitted with a  Gatan twin blade anticontaminator. During 
insertion, examination and imaging, the  temperature of the specimen 
was maintained below  -170  "C  by means of a  Gatan cold stage. Typi- 
cally the specimen temperature was 175 "C during imaging. Low dose 
images were recorded  on  Kodak  SO163  film at a nominal magnification 
of x 35,000 and developed in full-strength Kodak Dl9 developer  for  12 
min. To improve  image contrast and emphasize the 40-A spacing in  the 
specimen, the images were  recorded 2.5 pm  underfocus. 
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composed of tubulin-GDP (0) or tubulin-GMF'CPP (0). The bac- 
FIG. 2. Stimulation of kinesin ATPase activity by microtubules 

terially expressed motor domain (amino acids 1-379) of human kinesin 
heavy chain was used in  this experiment. Values represent  the  mean 
and  standard deviations of duplicate  determinations (except 2.5 p~ 
tubulin-GDP, for which only one measurement was made). The data 
were fit to  a Michaelis-Menten equation  using  Kaleidagraph 2.0 soft- 
ware. The  best fit for tubulin-GDP microtubules (solid  line) was ob- 
tained with ah,,, of 21.1 s-] and  an  apparent K,,, of 0.87 p~ tubulin.  The 
data for tubulin-GMPCPP microtubules (dashed line) were best fit with 
a kc,, of 20.0 s-' and  an  apparent K, of 0.98 1.1~ tubulin.  The ATPase 
activity in  the absence of microtubules was 0.04 Pi  releasedskinesin 
head. 

To measure the moire repeat, images were printed a t  a  final magni- 
fication of about x 100,000 and multiple repeats on single microtubules 
were measured from the prints. To determine the monomer spacing, 
suitable microtubule images were converted to optical density arrays 
with  a  Perkin-Elmer scaaning microdensitometer. Spot and  step sizes 
were equivalent  to 7.14 A a t  the specimen. Image  manipulations  were 
carried out on a Silicon Graphics Indigo using the SUPRIM program 
package (26). Briefly, reasonably straight microtubules were interac- 
tively boxed  off and floated into  arrays suitable for Fourier  transforma- 
tion. The  axial monomer repeat was measured  interactively from the 
displayed power spectrum with a cursor. 

Determination of Microtubule Stiffness: Measurement of Microtubule 
Curuature-Tubulin-GDP and tubulin-GMPCPP microtubules (42 each) 
were selected for analysis from about 10 randomly chosen electron 
micrographs (magnification, x 10,000). Images of microtubules in  these 
micrographs were captured  using the Perceptics Pixel Buffer frame 
grabber on a Macintosh Quadra 950, and  the  shape of each microtubule 
was digitized manually  with  a mouse-driven cursor a t   an  average in- 
terpoint  distance of 0.4 pm along the microtubule using  Graftek 
Ultimage version 2.01. The  curvature a t  each point was calculated as 
the angle, dB, between line  segments  passing  through that point and 
through the fourth point in  either direction along the microtubule, 
divided by half of the  sum of the  lengths of those two line  segments. 

To estimate  the uncertainty in  measuring  curvature, dO/ds, the  same 
microtubule image was digitized with  a mouse-controlled cursor  10 
consecutive times. The curvature was calculated a t  each digitized point, 
and a  mean curvature for the whole microtubule was calculated for each 
of the 10 trials. The standard deviation of the 10 trials was 10%  of the 
mean, which represents  the uncertainty in  curvature measurements. 

RESULTS 
Kinesin-driven Dunsport of Microtubules Composed of  Rbu-  

lin-GDP or Rbulin-GMPCPP-In this study, we examined 
whether the nucleotide state of tubulin influences kinesin-in- 
duced microtubule motility. Two types of microtubules were 
compared in  this study. One set of microtubules was  prepared 
by polymerizing tubulin  in  the presence of GTP; taxol was 
added subsequently  to  stabilize the polymer. Since tubulin hy- 
drolyzes the nucleotide triphosphate rapidly upon polymeriza- 
tion (27), the  vast majority of the  tubulin  subunits  in such 
polymers contain bound GDP. A second set of microtubules was 
polymerized with GMPCPP,  followed  by subsequent  addition of 
taxol. This nucleotide is not appreciably hydrolyzed within 24 h 
( 4 0 % )  and  is thought to mimic a tubulin-GTP state (11). 

FIG. 3. Curvature of microtubules  transported on a high den- 
sity  surface of squid kinesin (-260 molecules/pm2 on casein). 
While tubulin-GDP microtubules often assume  bent shapes  and move in 
circular patterns on the surface, the tubulin-GMPCPP microtubules are 
linear  and travel in straight  paths over the kinesin molecules. The 
handedness of the  curvature relative to the polarity of movement of the 
microtubule was approximately equally  distributed between right and 
left. Bar, 2.5 pm. 

In  the motility assay, kinesin was adsorbed onto the surface 
of a  glass slide, and  the movement of fluorescently labeled 
microtubules across the motor-coated surface was assayed by 
video  microscopy. Only those microtubules traveling  in  a 
straight  path were scored for  velocity. Table I shows that kine- 
sin isolated from squid optic lobe transported tubulin-GMPCPP 
microtubules a t  34% faster  rates  than tubulin-GDP microtu- 
bules at  saturating ATP concentrations. Although this  rate dif- 
ference is small, it  is statistically significant (p < 0.001) and 
reproducible. As reported previously for tubulin-GDP microtu- 
bules (201, the velocity with which kinesin transported tubulin- 
GMPCPP microtubules was the  same over a wide range of 
kinesin  densities on the surface. At kinesin  densities of -0.5 
and 200 molecules/pm2, the velocities of movement were 0.65 2 
0.07 and 0.63 2 0.03 p d s ,  respectively. At the lower density, 
microtubules pivoted about nodal points of attachment to the 
surface, suggesting that such movement was produced by 
single kinesin molecules (20, 28). 

We also expressed a portion (amino acids 1-560)  of a human 
kinesin heavy chain gene (19) in E. coli that contained the 
motor domain and approximately half of the a-helical coiled coil 
stalk,  but did not include the C-terminal domain. The purified, 
bacterially expressed protein translocated microtubules in 
vitro; again, tubulin-GMPCPP microtubules were transported 
a t  32% faster  rates  than tubulin-GDP microtubules (p c 0.001) 
(Table I).  This result indicates that  the different rates of trans- 
port of tubulin-GMPCPP and tubulin-GDP microtubules reflect 
distinct  interactions  with the kinesin motor domain, and not 
with  a second microtubule binding site located in  the C-termi- 
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GDP or tubulin-GMPCPP. The  brightly  fluorescent  portion  of this 
FIG. 4. Bending of microtubule  segments  composed of tubulin- 

microtubule is composed  of  tubulin-GMPCPP, while the more  dimly 
fluorescent portion is composed  of  tubulin-GDP.  Although the tubulin- 
GDP segment was usually at the plus-end of the tubulin-GMPCPP 
seeds, the reverse was occasionally  observed,  probably  because of an- 
nealing between a tubulin-GMPCPP  microtubule  and a tubulin-GDP 
microtubule.  The tubulin-GDP segment, which is leading the direction 
of movement  toward the upper right comer, travels along a sinuous 
path  on the squid kinesin-coated surface (panel A).  When the tubulin- 
GMPCPP segment moves over the curved  track of kinesins on the glass, 
it initially bends (panel B )  (point of maximal  curvature  indicated by the 
arrow), but then dissociates from the kinesins and recoils to a straight 
configuration (panel C ) .  Such dissociations of tubulin-GMPCPP seg- 
ments occurred repeatedly as the chimeric  microtubules  moved across 
the surface, presumably  because the elastic restoring force of the bend- 
ing microtubule  exceeded the binding energy of kinesins for the micro- 
tubules. This observation demonstrates that the tubulin-GMPCPP seg- 
ment is more resistant to deformation by kinesin motors. Bar, 5 pm. 

nal portion of the kinesin heavy chain (19, 29). 
In contrast to the above results for kinesin, 14 S dynein from 

Tetrahymena axonemes transported tubulin-GMPCPP and  tu- 
bulin-GDP microtubules a t  similar rates (Table I). This indi- 
cates that not all microtubule motor proteins transport  these 
two types of microtubules with different velocities. 

The velocity of chimeric microtubules composed of a  tubulin- 
GDP segment and a tubulin-GMPCPP segment  (see "Materials 
and Methods" for preparation) on squid kinesin-coated surfaces 
was also measured. As shown in Fig. 1, the chimeric microtu- 
bules translocated at  the  same average speed as tubulin-GDP 
microtubules, which was slower than  the  transport  rate of tu- 
bulin-GMPCPP microtubules. A drag imposed by motors en- 
gaged with the tubulin-GDP segment of the microtubule may 
limit the velocity of transport  and hence explain the compara- 
ble velocities of chimeric and tubulin-GDP microtubules. Sim- 
ilar  results have been observed in a smooth muscle myosin 
motility assay, where unphosphorylated myosins impose a load 
that slows  down the velocity of transport of actin  filaments by 
phosphorylated myosins (30). 

The stability of tubulin-GMPCPP microtubules provides a 
means of examining  whether taxol affects the velocity of motor- 
driven movement. In  the experiments described above, taxol 
was added to both tubulin-GDP and tubulin-GMPCPP micro- 
tubules. However, since the critical concentration for assembly 
of tubulin-GMPCPP is very low (20 nM; Ref. 111, tubulin- 

GMPCPP microtubules could  be diluted to the low concentra- 
tions  used in  the motility assay  in  the absence of taxol. We 
found that  the velocity of transport of tubulin-GMPCPP micro- 
tubules by squid kinesin  was the  same  in  the absence (0.68 -c 
0.04 p d s )  or  the presence (0.69 -c 0.04 p d s )  of 20 PM taxol (p 
> 0.4). 

To ensure  that taxol does indeed interact with tubulin- 
GMPCPP microtubules, we assessed  whether taxol could sta- 
bilize these microtubules against cold-induced depolymeriza- 
tion (11). A 5-min incubation a t  0 "C was sufficient to 
depolymerize all tubulin-GMPCPP microtubules, as deter- 
mined by fluorescence microscopy.  However, when tubulin- 
GMPCPP microtubules (0.15 p~ tubulin) were incubated with 
0.05 p t  taxol for 5 min prior to the incubation at  0 "C, then 83% 
of the microtubules remained. Hence, even substoichiometric 
amounts of taxol are sufficient to  stabilize tubulin-GMPCPP 
microtubules. Thus, taxol does indeed bind to tubulin- 
GMPCPP microtubules but does not noticeably affect kinesin- 
driven motility. 

Microtubule Stimulation of Kinesin ATPase  Activity-The 
higher velocity of transport of tubulin-GMPCPP microtubules 
compared with  tubulin-GDP microtubules could  be due  either 
to  a faster  rate of  ATP turnover by kinesin or to a larger dis- 
tance moved  by kinesin per ATP hydrolyzed. To distinguish 
between these possibilities, stimulation of  ATP hydrolysis rate 
of a bacterially expressed human kinesin motor domain (amino 
acids 1-379) by tubulin-GDP or tubulin-GMPCPP microtu- 
bules was examined. In  the absence of microtubules, the hu- 
man kinesin motor domain exhibited a low level of ATPase 
activity (0.04 ATP/s/head). This  basal ATPase rate was stimu- 
lated approximately 500-fold  by microtubules. As shown in Fig. 
2, the stimulation of kinesin ATPase activity as a function of 
tubulin concentration was very similar for both tubulin- 
GMPCPP and tubulin-GDP microtubules. The curves could be 
best fit using a Michaelis-Menten equation with keat values of 
21.1 and 21.0 s-' and  apparent K, values of 0.87 and 0.98 p~ for 
tubulin-GDP and tubulin-GMPCPP microtubules, respectively. 
These results indicate that  the  faster  rates with which tubulin- 
GMPCPP microtubules are  transported compared with tubu- 
lin-GDP microtubules cannot be explained by faster  rates of 
ATP turnover by kinesin. 

Mechanical Properties of Tubulin-GDP and Tubulin- 
GMPCPP Microtubules-Amos and Amos (31) previously re- 
ported that taxol-stabilized, tubulin-GDP microtubules form 
tight loops and bends when traveling over bovine brain kinesin- 
coated surfaces. We also noted pronounced bending of tubulin- 
GDP microtubules moving on surfaces coated with a high den- 
sity of squid kinesin  (particularly obvious examples are shown 
in Fig. 3). In some cases, the microtubules would  move in a 
circular manner with  a radius of curvature  as small as 0.5-0.7 
pm,  although such extreme curvatures represented  a  small 
proportion ( 4 % )  of the moving microtubules. Amos and Amos 
(31) suggested that extreme curvatures may be due to kinesin- 
induced deformation of the microtubule. In  contrast to  tubulin- 
GDP microtubules, comparable length microtubules composed 
of tubulin-GMPCPP traveled as relatively straight rods and did 
not form the  tight bends and loops observed for tubulin-GDP 
polymers (Fig. 3). 

The bending properties of the tubulin-GMPCPP segment in 
chimeric microtubules were also examined. In some cases, the 
tubulin-GDP segment  was at  the front end of the chimeric 
microtubule traveling across the kinesin-coated surface, while 
the GMPCPP segment was trailing. The tubulin-GDP  segment 
could  move in a serpentine  pattern,  as noted in previous studies 
(21,32), while the  trailing tubulin-GMPCPP segment  was gen- 
erally  unable  to follow such circuitous path.  In  the example 
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FIG. 5. Distributions  of  curvatures  for  tubulin-GDP and tubulin-GMPCPP  microtubules in  solution  in  the  presence and absence 

of  taxol. Microtubules were prepared, frozen, and examined by cryo-electron  microscopy and subsequently analyzed as described under “Materials 
and Methods.” Distributions of curvatures for 1.6-pm segments along 42 randomly chosen microtubules are shown. 

shown  in Fig. 4, the  tubulin-GMPCPP  segment  began  to  bend, small (-20%) but significant ( p  < 0.005) amount. However, in 
but  then  abruptly dissociated and  returned  to its straight con- contrast  to  the effect of bound  nucleotide (GTP uersus 
figuration,  presumably because the  restoring force of the bend- GMPCPP), taxol appears  to  have only a small effect on micro- 
ing  microtubule exceeded the  binding  energy of the  kinesins tubule rigidity. 
attached to  the microtubules. Structural Features of TLbulin-GDP and TLbulin-GMPCPP 

We also  sought  to  compare  the flexibility of tubulin-GDP  and Microtubules-Tubulin-GDP and  tubulin-GMPCPP microtu- 
tubulin-GMPCPP  microtubules  in  solution that were subjected 
to  thermal  agitation  but  not  to  kinesin-induced forces. To ac- 
complish this,  tubulin-GDP  and  tubulin-GMPCPP microtu- 
bules  in  the  presence  and  absence of taxol, but  without  fEation, 
were  rapidly frozen in liquid ethane  and  then  examined by 
cryo-electron microscopy. From the  electron  micrographs,  the 
change  in  the  orientation of the  tangent to  the microtubule, dB, 
was  measured every 0.4 pm  along  the  length of 42 randomly 
chosen microtubules (described under  “Materials  and  Meth- 
ods”), and  the  distributions of curvatures, dBlds, are  shown  in 
Fig. 5 .  The  mean  curvatures of tubulin-GDP  microtubules  in 
the  absence  and presence of taxol was 0.127 2 0.33 rad/pm and 
0.120 2 0.32 rad/pm, while those of tubulin-GMPCPP microtu- 
bules  in  the  absence  and presence of taxol were 0.075 2 0.07 
radprn  and 0.061 0.06 rad/pm.  These  measurement demon- 
strate  that  mean  curvature of tubulin-GDP  microtubules  in 
solution is greater  than  that of tubulin-GMPCPP  microtubules 
both  in  the presence or absence of taxol. Regarding  the effect of 
taxol, the difference in  the  mean  curvatures of tubulin-GTP 
microtubules  in  the presence or absence of taxol was  not sta- 
tistically  significant ( p  > 0.15). For  tubulin-GMPCPP microtu- 

bules  were  examined by cryo-electron microscopy to look for 
any  changes  in  structure  that  might provide an explanation for 
the observed  differences in motility and stiffness. The  axial 
repeat  was  measured on  computed power spectra of the two 
types of microtu+les and found to be  41.93A  (S.D. 0.15, n = 
24) and 41.87 A (S.D. 2 0.27, n = 14) for tubulin-GMPCPP 
microtubules in the  absence  and presence of taxol, respectively, 
and 40.74 A (S.D. 2 0.27, n = 31)  and 42.02 (S.D. 2 0.31, n = 21) 
for tubulin-GDP  microtubules  in  the  absence  and presence of 
taxol, respectively. The  axial  repeat of tubulin-GDP microtu- 
bules in  the absence of taxol was significantly  different ( p  < 
0.001)  from that of tubulin-GDP microtubules in  the presence 
of taxol and  tubulin-GMPCPP  microtubules (presence or ab- 
sence of taxol).  Hence,  both  taxol and nucleotide have  small 
effects on the  tubulin  lattice spacing. However, there  is no 
substantial difference in  the  tubulin monomer spacing  that 
could account for the 30% difference in  kinesin-driven motility 
of tubulin-GDP  and  tubulin-GMPCPP microtubules. 

In  addition to  the monomer spacing,  other  structural differ- 
ences between  tubulin-GTP or tubulin-GMPCPP microtubules 
were found. First, a higher  percentage of 14-protofilament  mi- 

bules, taxol  decreased the  mean microtubule curvature by a crotubules  was observed when  microtubules  were polymerized 
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a b 

lin-GMF'CPP (6) microtubules  (both stabilized  with  taxol). Rep- 
FIG. 6. Cryo-electron  microscopy of tubulin-GDP (a) and tubu- 

resentative images of 14-protofilament  microtubules  are shown. While 
the 40-A  periodicity of microtubules assembled under either condition is 
essentially the same, the 14-protofilament  moire repeat of tubulin- 
GMPCPP is 21%  longer on average. The  characteristic 2-0-3-0 stripe 
pattern of the moire repeat, which is indicative of 14-protofilament 
microtubules (38), is indicated by the black dots and is best seen by 
viewing the page at a glancing angle along the microtubule axis. Note 
the clean background  (presumably less free tubulin due to the lower 
critical concentration), and the presence of many  protofilament  number 
transitions (arrowheads) when  microtubules  are assembled in the pres- 
ence of GMPCPP (panel 6 ) .  

with GMPCPP (-90%) compared with  GTP  (5040%). Also, 
tubulin-GMPCPP  microtubules had  many more  protofilament 
transitions,  perhaps  indicating  that  they  can  anneal more 
readily  than  their  tubulin-GDP  counterparts  (see arrowheads 
in Fig. 6b). The  most  striking difference observed, however, was 
that  the moire repeat of 14-protofilament  tubulin-GMPCPP 
microtubules  (540 2 41  nm; n = 68)  was 21% longer than  that 
of tubulin-GTP microtubules  (450 2 32 nm; n = 51). This finding 
that  the tubulin-GMPCPP  microtubule  protofilaments are  less 
tightly  supertwisted  than  those of tubulin-GDP  microtubules 
suggests a difference in  the  lateral  interactions between proto- 
filaments  in  these two microtubule  types. 

DISCUSSION 

The role(s) of GTP hydrolysis by tubulin  has been a topic of 
considerable interest. Kinetic studies  and  experiments  with 
nonhydrolyzable GTP  analogues  strongly implicate GTP hy- 
drolysis as a mechanism for generating dynamic instability of 
microtubule (9). We  now show that  GTP hydrolysis by tubulin 
influences the  structural  and mechanical properties of the mi- 
crotubule, as well as the process of microtubule-based  motility 
driven by kinesin. 

By examining  the  curvatures of microtubules on kinesin- 
coated surfaces  and  in solution, we conclude that  tubulin- 
GMPCPP  microtubules are stiffer than tubulin-GDP polymers. 

The difference was  particularly  striking  in  the in vitro motility 
assay; pronounced bends of tubulin-GDP  microtubules  were 
observed that were  never seen  with tubulin-GMPCPP microtu- 
bules. The most extreme  curvatures, however, seem in excess of 
those  resulting from Brownian motion of the microtubule  end 
and  may be due  to kinesin-induced  deformation of the micro- 
tubule (31). In  contrast  to  the effect of nucleotide on microtu- 
bule flexibility, we observed relatively little effect of taxol on 
microtubule curvature. Previous studies  have obtained differ- 
ent  results concerning the effect of taxol of microtubule rigidity. 
In preliminary work described by Gittes et al. (331, taxol was 
reported  to produce a small  increase  in microtubule rigidity, 
while Dye et al. (34)  reported that taxol considerably  decreases 
the stiffness of microtubules nucleated from axonemes. The 
variation  in  results  may reflect differences in  the  assays used to 
perform the  measurement,  and  further  studies will be required 
to resolve this  matter. 

Electron microscopic studies  indicate  that changes in  the 
curvature of microtubules appear  to be accommodated primar- 
ily by increased twisting of protofilaments rather  than by 
compressiordextension in  the  spacing between subunits within 
a protofilament (31). Thus,  the  greater stiffness of tubulin- 
GMPCPP  microtubules relative  to  that of tubulin-GDP poly- 
mers  might be due  to a stronger  lateral  interactions between 
protofilaments. In  support of this  idea, a considerable differ- 
ence in  the protofilament twist  angle of tubulin-GMPCPP ver- 
sus tubulin-GDP  microtubules was observed, which is sugges- 
tive of different lateral protofilament interactions  in  these two 
nucleotide states.  The notion of stronger  lateral  interactions  is 
also  consistent with  the finding that disassembling microtu- 
bules  (presumably tubulin-GDP) have frayed and coiled proto- 
filaments at their  ends (35), while growing microtubules  (pre- 
sumably tubulin-GTP) and microtubule composed of tubulin- 
GMPCPP have  straight, nonfrayed  protofilaments (11, 35). 

Native or bacterially  expressed kinesin also transported  tu- 
bulin-GMPCPP microtubules faster  than tubulin-GDP micro- 
tubules.  The  greater speed of movement was  not associated 
with  an  increase  in ATPase rate. Although  solution ATPase 
may  not reflect the ATPase rate of motors that  are  attached  to 
the  glass surface and engaged in motility, these finding raise 
the possibility that  kinesin, on average, travels  farther  per ATP 
hydrolyzed with  tubulin-GMPCPP  microtubules.  Since the el- 
emental  step  in  the  kinesin chemomechanical cycle involves 
movement of kinesin  to  an  adjacent  tubulin  dimer (361, an 
increase  in  the  distance between dimers could yield a greater 
step size. This model, however, is ruled  out by diffraction pat- 
terns of cryo-electron microscopic images of microtubules, 
which show very little, if any, change in  the spacing between 
tubulin  subunits  in  the microtubule  lattice. The difference in 
flexural rigidity  between  tubulin-GMPCPP and tubulin-GDP 
microtubules also  is unlikely to  change  the speed of transport, 
since Young's modulus is sufficiently great  to preclude any sig- 
nificant  change  in effective step size through microtubule 
strain.  Using EGop = 1162 pN/nm2 (33), an  average inter-kine- 
sin spacing of 100 nm along the microtubule, power stroke force 
of 4  pN, inner  radius of microtubule = 11.48 nm,  and  outer 
radius = 14.18 nm (371, one  can  calculate that  the reduction in 
step size at most would only be 7.9 x 10" nm.  These  values are 
negligible compared to  the normal step size of -8 nm (36). An 
alternative  idea  to a change in  step size is that  the coupling 
efficiency (hydrolysis of an ATP  followed  by completion of an 
8-nm step)  is  higher with  tubulin-GMPCPP microtubules. An 
understanding of the physical basis of this phenomenon, how- 
ever, must  await more  detailed  information  regarding the ki- 
nesin-microtubule interaction  and  the power stroke. 
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Although microtubules in cells are composed almost entirely 
of tubulin-GDP, the  results presented here may be relevant for 
understanding the growing ends of microtubules, which are 
thought to be  composed of tubulin-GTP. Such ends, whose  size 
is still in debate, might be  more  rigid and have a different 
protofilament organization and monomer spacing than  the re- 
mainder of the microtubule. This prediction could  be examined 
in subsequent studies. The finding that  the nucleotide state of 
tubulin influences kinesin interactions also raises  the possibil- 
ity that other types of microtubule-associated proteins might 
interact differently with tubulin-GTP and tubulin-GDP.  Pro- 
teins that preferentially interact with tubulin-GTP,  for  ex- 
ample, might cap the plus-ends of microtubules and stabilize 
them to disassembly.  Tubulin-GMPCPP microtubules might 
serve as useful reagents for identifying such proteins. 
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