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SUMMARY: Microtubules induced by the binding of GTP or of a non-hydrolysable 
analog of GTP onto the exchangeable site of tubulin appear very similar accor- 
ding to electron microscopy and polymerisation kinetics criteria. However,we 
show here that the exchangeable sites or "E" sites of the tubulin subunits re- 
main available for nucleotide exchange inside the GMP-PCP-microtubules contra- 
ry to the "E" sites inside the GDP-microtubules. Moreover,under specific condi- 
tions,GMP-PCP induces the polymerisation of tubulin into a bidimensional,pseu- 
docrystallin structure. Such a "crystallisation" is inhibited by GTP and GDP. 

INTRODUCTION: Microtubule assembly in vitro requires the binding of GTP or of -- 

a non-hydrolysable analog of GTP onto the exchangeable nucleotide site or "E" 

site of tubulin (l-6) . When microtubules are assembled in the presence of GTP, 

the GTP is hydrolysed during the polymerisation process (2,s) ,leaving a non-ex- 

changeable GDP onto the "E" sites of the tubulin subunits inside the microtubu- 

les(2,6) . The fact that microtubule formation could be induced as well in the 

presence of the non- hydrolysable analogs of GTP,guanylyl-p,r-methylene diphos- 

phate (GMP-PCP) and guanylyl imido-diphosphate (GMP-PNP),suggested that GTP hy- 

drolysis was not required in the assembly process. Furthermore it was reported 

that,according to several criteria including electron microscopy and polymerisa- 

tion kinetics(4'8) ,the microtubules induced by GTP and the non-hydrolysable GTP 

analogs were very similar. However it has also been reported that GMP-PNP-micro- 

tubules do not display evidence for a rapid equilibrium between polymers and sub- 

units contrary to GDP-microtubules,suggesting that GTP hydrolysis would promote a 

more readily depolymerisable state of tubulin (9) . 

We show here that microtubules induced in the presence of GMP-PCP 

and GTP differ also by other criteria,especially the "E" sites of the tubulin 

subunits inside the GMP-PCP-microtubules remain available for nucleotide exchan- 

ge contrary to the "El' sites inside the GDP-microtubules. Moreover,we show that, 
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under specific conditions,GMP-PCP induces the polymerisation of tubulin into 

a bidimensional,pseudocrystallin structure and that this"crystallisation"is 

inhibited by GTP and GDP. 

MATERIALS AND METHODS: Tubulin was isolated from pig brain homogenates by three 
cycles of polymerisation and depolymerisation(10). The assembly buffer used for 
purification and assembly experiments contained 0.1 M 2-(N-morpholino)ethanesul- 
fonic acid (MES) adjusted to pH 6.6 with NaOH/lmM ethylene bis(oxyethylene nitr- 
ilo)tetraacetic acid (EGTA)/0.5mM MgC12. 

Tubulin was purified further and separated from the MAPS on a phosph- 
ocellulose column as described elsewhere(l1). 

'Turbidity measurements were made at 350nm on a Beckman Acta V spectr- 
ophotometer in cells of 0.5cm light path.The polymerisation reaction was started 
by a temper~~~rfi~~at~~Po~~59 37Twhich required a half-time of 4 sec. 

PIlabeled inorganic phosphate was measured accor- 
ding to the procedure of Nishizuka et a1.(12). Before experimentation,free nucle- 
otides were removed by passage on a G25 sephadex column. 

Protein concentration was determined by the method of Lowry et a1.(13) 
with a correction of 10% for the color difference between tubulin and bovine se- 
rum albumin(l4). 

RESULTS: Nucleotide exchange inside the GDP- and the GM?-PCP-microtubules 

The experiments have been performed on phosphocellulose-purified tu- 

bulin preparatiorrs;.After passage on a G25 sephadex column,we found,like others 

(2,15),that the tubulin dimer still contained one GTP on its non-exchangeable 

or "N" site and one GTP on its "E" site. The "E"site GTP was converted into GDP 

through a polymerisation cycle at 37'in a buffer at pH 6.6 containing O.OSM MES, 

0.5mM EGTA,lOmM Mg* and 30% glycerol (RBMG).After this polymerisation cycle, 

the tubulin preparation (23pM) was unable to initiate a second polymerisation 

cycle without adding either GTP or GMP-PCP. The tubulin preparation was then se- 

parated into two parts. On one pool,the polymerisation reaction was started by 

the addition of 3mM GMP-PCP and after 30 min at 37O,that is,after an apparent e- 

quilibrium had been reached,300p[ H, 3 32P] -labeled GTP was added. The labeled 

GTP addition did not change at all the quantity of polymerised material accor- 

ding to turbidity measurement. Also,the microtubule solution was observed under 

the electron microscope before and right after the addition of labeled GTP. 

The microtubules apparently did not break down and reform after the GTP addition. 

We suppose then that,like in the case of the GMP-PNP-microtubules (9) ,the GMP-PCP- 

microtubules do not display evidence for a rapid equilibrium between polymers and 
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subunits. At time zero and 25 min at 37Oafter the GTP addition,microtubules were 

sedimented through a 25% sucrose cushion for 20 min at 160,OOOg. The sedimentation 

at time zero gave an estimate of the radioactivity contamination. After substract- 

ing the blank,l6p.M protein and 14uM [ 3 
HI-labeled GDP were found in the microtubu- 

le pellet,that is a "E" site GTP to tubulinstoichiometry very close to 1:l. It ap- 

3 32 peared then that the [ H, P] -labeled GTP had chased the GMP-PCP from the micro- 

tubule "E" site. Also,nucleotide analysis by thin layer chromatography clearly de- 

monstrated that the GMP-PCP bound to the microtubules had been chased by GTP. 

On the other tubulin pool,a control experiment was runned in order to con- 

firm the already known observation that the nucleotide on the "E" site inside the 

microtubules polymerised solely in the presence of GTP is unexchangeable(2-5). Mi- 

3 32 crotubules were polymerised in the presence of [ H, P] -labeled GTP at 37"for 30 

min until an apparent equilibrium was reached. At that time,one part of the sample 

was centrifuged while to the other part was added 2mM unlabeled GTP. 16~~ tubulin 

and 12pM [ 
3 
HI-labeled GDP were found in the microtubule pellet.After chasing for 

25 min at 37Owith the excess unlabeled GTP,the microtubules still bound 0.65 mole 

of 
3 

[ HI-labeled GDP per mole of tubulin. 

Inorganic phosphate release during the chase of GMP-PCP by GTP. 

The time course of inorganic phosphate release was followed during the cha- 

3 32 se of GMP-PCP by the[ H, PI-labeled GTP. The kinetics shown in fig.1 appear clear- 

ly biphasic. There is a rapid. initial inorganic phosphate release (3pM min -l) after 

which the GTPase activity slows down continuously until it reaches a steady state 

(1.5pM min-l). Th' 1s time course of GTP hydrolysis ressembles very much that obtained 

when the microtubule formation is initiated directly with GTP (14) . The steady state 

rate of GTP hydrolysis is attained about 20 min after the addition of labeled GTP 

and should be due to the GTPase activity at the microtubule ends (7) . Notice that 

the final,linear portion of the curve extrapolates at about 2OpM which is of the 

order of magnitude of the [ 3 HI-labeled GDP concentration bound to microtubules. 

This observation indicates that there must be only one GTP hydrolysed per tubulin 
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Fi 1: Time course of jnorganic phosphate release following the addition of 
3oopM &?- PI-labeled GTP to a preparation of GMF-PCP-microtubules at 37". The cros- 
ses show that no GTP hydrol 

P 
sis is occurring when the tubulin polymerisation is in- 

hibited by 3OpM vinblastine?)The tubulin concentration was 23pM. 

dimer inside the microtubules. In other words,once a GTP has chased a GMP-PCP from 

a microtubule "En site and has been hydrolysed,then the GDP on that site becomes 

unexchangeable. 

"Crystallisation" of tubulin in thz presence of GMP-PCP. 

The experiments reported in the previous sections were performed at rela- 

tively low total tubulin concentration (23p) and,under these conditions,in RBMG 

buffer, microtubules were observed under the electron microscope when the polyme- 

risation reaction was induced with GMP-PCP. However,at higher tubulin concentrati- 

on ( 35uM),under the same buffer and temperature conditions (RBMG,37p,microtubu- 

les were not anymore formed. Rather,very long and large bidimensional structures 

such as that presented in fig.2 were observed. Some of these structures extend up 

to 5u in width and more than 40~ in length. These preliminary observationsdo not 

show any regular structures analogous to the large sheets observed in the presence 

of Zn ions(16). These structures could be amorphous or polycrystallin with small 

patches in which the subunits would be arranged into protofilaments like in micro- 

tubules. More work is needed to elucidate the structure of these large bidimensio- 

nal polymerised films. When GTP is added,the structures first fall apart and even- 

tually microtubules form. There is no GTP hydrolysis during the breaking down of the 

films but,as expected,GTP hydrolysis accompanies the microtubule formation. GDP ad- 

dition also destabilises the structures but,in that case,microtubules do not form 

afterwards. 
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DISCUSSION: The observations reported here bring some new light onto the function 

of the guanine nucleotides in microtubule assembly. The destabilisation by GTP of 

the giant GMP-PCP polymers occurs in the absence of GTP hydrolysis,suggesting that the 

state of tubulin inside the GMP-PCP polymers is not in a conformation active in GTP 

hydrolysis. The role of GTP in inhibiting the formation of aberrant tubulin polymers 

appears therefore to be conformational. 

At relatively low tubulin concentration,GMP-PCP induces the polymerisation 

of tubulin into apparently normal microtubules. However,the nucleotides on the "En 

sites of the GMP-PCP-microtubules remain exchangeable contrary to the GDP on the "E" 

sites of the microtubules polymerised with GTP. We have shown here that the binding 

of a GTP molecule onto a "E" site inside a microtubule resulted into hydrolysis of 

the GTP and then blocking of the site. This suggests that the state of tubulin insi- 

de the microtubules exists in a conformation active in GTP hydrolysis and that the 

role of the GTP hydrolysis is to promote the blocking of the nucleotide sites. Thus, 

the apparent observation that the tubulin subunits inside the microtubules are la- 

(14) eking GTPase activity is attributable to the fact that the "E" sites inside the mi 

crotubules are not available for nucleotide exchange. 

We thank Jean Laporteand Claude Grandchamp for the electron micrograph of 

the GMP-PCP film and Pierre Pfeuty for helpful discussions. 
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