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The dissociation constants for GTP and GDP with tubulin were determined to be
equal to 1.1 + 0.4 x 107 M and 1.5 * .6 x 10-7 M (4°), respectively. A lower
limit for the dissociation constant for ATP was established as equal to 6 x 10-4 M,
The equivalent binding of GTP and GDP is not readily consistent with a mechanism
in which the role of GTP in microtubule assembly is to bind to the protein to in-
duce a conformation which is able to polymerize. An ATP-induced polymerization
of tubulin apparently involves a transphosphorylation reaction in which GTP is
formed and mediates the assembly, For this reaction to occur with desalted tubu-
lin trace amounts of GDP are required; in the reaction of 0.1 mM ATP with 22,0 uM
tubulin, 0.1 uM GDP induces about 807 as much tubule formation as is seen with
0.1 mM GTP alone.

The tubulin dimer has two guanine nucleotide binding sites, a rapidly disso-

ciating (E) site and a nondissociating (N) site (1). The E site appears to bind
guanine nucleotides specifically and an N-site bound GDP may be converted to GTP

by a transphosphorylation reaction (1,2)., Occupancy of the E-site by GIP is neces-
sary for rapid assembly of tubulin into microtubules and the polymerization is ac-
companied by hydrolysis of the bound nucleotidel, Although no significant bind-
ing of ATP to the E-site has been observed (1,2) it was reported that this nucleotide
will support polymerization (4,5). However, it was noted (2) that this result
could be accounted for by a pathway involving a transphosphorylation reaction in
which GTP is synthesized from ATP and then utilized in the polymerization process.

We report here on the nucleotide binding to tubulin and the nucleotide con-

centration dependence for microtubule assembly.

Methods

Tubulin, which was prepared from pig brain by a published procedure (6), was
purified by an additional polymerization-depolymerization cycle immediately be-
fore use. The protein used in kinetic studies was desalted to remove loosely

1. There is disagreement as to whether the N-site or E-site nucleotide is
cleaved; cf. ref. 1 and 3.
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bound and free nucleotides by passage through a Sephadex G-25 column (0.9 x 25 cm)
which had been equilibrated with reassembly buffer. This was found to be unnecessary
for protein used in the equilibrium binding studies, Rates of polymerization

were determined from spectrophotometric measurements (4) at room temperature (22°

+ 2) and in all cases it was shown that the reaction could be fully reversed by

2.5 mM calcium. In a number of experiments it was shown by electron microscopy

that native-looking microtubules formed in the reaction mixtures used in the

kinetic measurements.

Results

Nucleotide Binding: The Hummel-Dryer column equilibrium method (7) was used to

determine the equilibrium constant for GTP binding to the E-site. A competition
method, which permits the use of very high ligand concentrations was used to
evaluate GDP and ATP binding. The column elution pattern observed in a repre-
sentative experiment is given in Figure 1. The fact that the eluate radioacti-~
vity following the tubulin-GTP peak returns to the baseline level indicates that
the column passage time is sufficient to permit equilibrium to be established.
This was further verified by the constancy of the size of the tubulin-GTP peak
when the column length was halved, to 25 cm., The method permits determination

of the equilibrium constant without removal of nucleotides contaminating the pro-
tein since these are displaced from the protein during the passage through the
column., The results from 15 column runs are presented in the form of a recip-
rocal plot in Figure 2 and the number of GTP binding sites/tubulin dimer, deter-
mined from the intercept, is 0.53, This low value may be caused by scatter in the
experimental results, which was especially marked because of the necessity for
using a number of different protein preparations for the measurements on different
days. Also, it is influenced by the presence of non-tubulin protein contaminants
and nonbinding forms of tubulin. The dissociation constant, which is not influ-
enced by the presence of inactive protein, is calculated to be 1.1 * .4 x 10-7,
The dissociation constant for GDP was determined with 1.5 x 10~/ M GTP and 0.015-
1.5 x 1077 M cpp competing with GTP binding. This was reduced by 19-96% at dif-
ferent GDP concentrations and the calculated dissociation constant from these

measurements, assuming that GDP binding is competitive with that for GTP2, was in

2, The binding of GDP appears to be competitive with GTP, but there is insuffi-
cient data to conclude this with certainty.
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Fig., 1 Gel filtration of tubulin in Sephadex G-25 containing 7.6 x lO"8 M GTP.
Tubulin (2.95 uM) was reacted with 7.6 x 10~8 M GTP in 100 mM MES, pH 6.6, with
0.5 m Mg and 1 mM EGTA (reassembly buffer). One ml was then passed through a
0.5 x 50 cm column which had been equilibrated with [32P] GTP., Radioactivity
in the weighed column fractions was measured.
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Fig., 2 Dependence of (fraction of tubulin complexed with GTP)~1 on (GTP)~! at 4°,

the range 1.5 * .6 x 10~/ M. The protein, therefore, has about equal affinity
for GTP and GDP. The Kp for GDP was found to be the same at room temperature

(22° + 2) and at 4°. Binding of 7.6 x 10—8 M GTP is not measurably influenced
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Fig. 3 Rate of microtubule formation with 0,11 mM ATP at various GDP concentra-
tions. Reactions were run at room temperature (22 * 2°) with 20 uM tubulin in
reassembly buffer, The curves with progressively increasing slopes were measured
with 0, 1,7, 4,27 and 210 uM GDP, respectively.
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Fig. 4 Dependence of the rate of tubulin polymerization on the tubulin-GDP con-
centration (upper graph) and the unbound GDP concentration (lower graph). The
concentration of the two GDP species were calculated from the total GDP concen-
tration and the equilibrium constant for nucleotide binding. The results ob-
tained in the experiment described in Fig. 3 (#) as well as the normalized re-
sults obtained in an additional experiment (&) are presented.
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by ATP at concentrations to 5.3 x 104 M. Assuming that a 33% decrease in GTP
bound would go undetected, a lower limit for the dissociation constant for ATP
equal to 0.6 mM may be calculated. A recent study of nucleotide binding to tu-
bulin using a nitrocellulose filter assay method gave dissociation constants
equal to 0.5 and 1.9 uM for GTP and GDP, respectively (8). Very weak ATP bind-
ing was observed (8). The Hummel-Dryer method has previously been used to mea-
sure GTP binding to tubulin at 2° (9) and a dissociation constant equal to 0.4 uM
was estimated. This value may only be approximately correct since virtually no
variation in the amount of GTP bound was seen over the very limited (0.5-2.0 uM)
GTP concentration range used.

Polymerization Kinetics: With nondesalted tubulin it was found that ATP (0.1 mM)

induced polymer formation. However, on removal of free and exchangeable nucleo-
tides by gel filtration there is no polymerization with ATP without added GDP
(Figure 3). Results equivalent to those shown in Figure 3 were obtained with a
number of batches of tubulin. We have, however, found that with some protein
preparations the length of the lag preceding polymerization is considerably short-
ened and the rate is appreciably greater than that shown here. With such protein
preparations the rate of the GTP-induced polymerization is not abnormally rapid.
This variability in the rate of the ATP-induced polymerization presumably reflects
variations in the concentration of the transphosphorylase (see below) in the tu-
bulin preparations. It is seen in the results given in Figure 3 that there is

a time lag preceding polymerization, the length of which is inversely propor-
tional to the GDP concentration. The dependence of the rate of polymerization

on the GDP concentration (Figure 4) shows a saturation effect, becoming indepen-
dent of concentration at high GDP concentrations. The rate at these saturating
concentrations is less (about 3-fold) than that seen when the polymerization of
the same protein preparation is induced with GTP. GDP apparently acts cataly-
tically in the polymerization, as indicated by the fact that the amount of nu-
cleotide necessary to induce polymerization is considerably less than the tubulin

concentration., For example, with 0,1 uM GDP and 0.1 mM ATP the final absorbance
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Fig. 5 GTP-dependent polymerization measured with 17 uM tubulin in reassembly
buffer.

seen after polymerization of 22.0 uM tubulin was found to be about 80 percent of
that when the polymerization was induced with 0,1 mM GTP, It was previously dem-
onstrated (4) that the absorbance measured at 350 nm provides a correct estimate
of the amount of high molecular weight product formed. GDP is a potent inhibi-
tor for the GIP-induced polymerization: no tubules were formed in a mixture con-
taining 0,113 mM GTP and 0.27 mM GDP. This inhibition is consistent with the

comparable GDP and GTP affinity described above, Using both nondesalted and

desalted tubulin it was found that 1,2 nM GDP inhibits the 0.1 mM ATP-induced
polymerization. The rate of polymerization at two GTP concentrations is shown

in Figure 5.

Discussion
The GDP requirement for ATP-induced microtubule assembly is consistent with
a reaction sequence (eq, 1) in which GTP is formed
(1) GDP + ATP —SLeR.L3 App + GIP + tubulin -2£€R 23 typules + GDP
by a transphosphorylation reaction (step 1), with the so-formed nucleotide medi-
ating the polymerization (step 2). In the earlier report that the ATP-dependent

reaction does not require GDP (4) it was not established that the protein was
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fully depleted of nucleotide; only very low levels of GDP are required in the
ATP-induced reaction.

It was previously demonstrated that the tubulin-associated transphosphory-
lase catalyzes GTP formation at the N-site (1.2). The need for GDP in the ATP-
induced assembly reaction may reflect a requirement for nucleotide at the E~site
for the transphosphorvlation and/or a requirement for GDP or GTP at the E-site
for polymerization to occur., It is not known whether the transphosphorylase
catalyzes GTP formation with the added GDP, The fact that the GDP concentration
needed for polymerization is below that of the protein concentration is consis-
tent with a mechanism in which only partial occupancy of the E-site is required
for polymerization to occur. A mechanism in which the E-site nucleotide is re-
leased after polymerization and further utilized i1s unlikely since it was shown
that the E-site nuclectide is retained on tubule formation (1).

The rate of the ATP-induced polymerization becomes independent of the GDP
concentration at high concentrations (Figure 4). This saturation effect is
consistent with at least two mechanisms, In one, the saturation reflects a
change in rate-limiting step, from rate-limiting transphosphorylation (step 1
in eq. 1) at low GDP concentrations, to rate-limiting microtubule assembly (step
2) at high GDP concentrations, An equally likely mechanism involves rate-lim-
iting transphosphorylation at all GDP concentrations. In this case the invari-~
ance of the rate at high GDP concentrations reflects the saturation of the trans-
phosphorylase with GDP, For this mechanism the substrate for the transphosphory-
lase can be either free GDP or a tubulin-GDP complex; the latter possibility is
favored from quantitative analysis of the results. From the curves given in
Figure 4 it can be calculated that if free GDP is the substrate the apparent Kp
is equal to approximately 6 x 1078 M. This value is very much lower than the
Km for nucleotide diphosphates seen with a variety of tramsphosphorylases (10),
for which the K is in the range 0.05-1 mM; it therefore appears that this is

not the correct route for GTP synthesis., For a reaction in which the phosphate
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acceptor is a tubulin~-GDP complex a very reasonable value for K, equal to approx-
imately 3.5 uM may be calculated (Figure 4). Proof of the existence of a tubulin
binding site on the transphosphorylase would be significant since it would impli-
cate this catalyst in the physiological microtubule assembly process,

In the results described in Figure 5 it can be seen that the rate of poly-
merization is dependent on the GTP concentration under conditions where 1t can
be calculated that the E-site is fully saturated with GTP; an equivalent result
is described elsewhere (11). This can be taken to indicate that GTP interacts

with some site other than or in addition to the E~site in the assembly reaction.

The equivalent binding seen for GDP and GTP is important. It indicates
that the nucleotide influence on polymerization is unlikely to occur by an al-
losteric mechanism in which GTP serves to shift an equilibrium in which the pro-
teln exists in polymerizable and nonpolymerizable conformations, with the latter
specles predominating in the absence of GTP. GDP does not induce polymerization
and 1f GTP but not GDP binding is coupled with a thermodynamically unfavorable
protein conformation change it would be expected that GDP binding would be very
much tighter than that of GTP; this is not observed. The alternate possibility
where there is a fortultous cancellation of effects such that the higher affi-
nity of GIP is almost exactly balanced by the requirement for a thermodynamically
unfavorable protein conformation change associated with its binding is not ruled

out, but is considered unlikely.

Acknowledgements: This research was partially supported by a U.S. Public Health

Service Career Development Award to M.C. (1-K4-GM-10,010) and a grant to M.C.
(DE 03246) from the National Institutes of Health. Helpful discussions with
Professor E.W. Taylor are gratefully acknowledged.

References
Jacobs, M., Smith, H. and Taylor, E.W. (1974) J. Mol. Biol. 89, 455-468.
Jacobs, M. (1975) Ann. New York Acad. Sci. 253, 562-572.
Kobayashi, T. (1975) J. Biochem. (Japan) 77, 1193-1197.

. Gaskin, F., Cantor, C.R. and Shelanski, M.L. (1974) J. Mol. Biol. 89,
737~755.

SN

134



o~

10.

11.

Vol. 68, No. 1,1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Olmsted, J.B., Marcum, J.M., Johnson, K.A., Allen, C. and Borisy, G.G.
(1974) J. Supramolec. Struct. 2, 429-450.

Shelanski, M.L., Gaskin, F. and Cantor, C.R. {(1973) Proc. Nat. Acad. Sci.
U.S. 70, 765-768.

Hummel, J.P. and Dryer, W.J. (1962) Biochim. Biophys. Acta 63, 530-532.
Arai, T., Ihara, Y., Arai, K. and Kaziro, Y. (1975) J. Biochem. (Japan)
77, 647-658.

Levi, A., Cimino, M., Mercanti, D. and Calissano, P. (1974) Biochim. Bio-
phys. Acta 365, 450-453.

Parks, R.E., Jr., and Agarwal, R.P. (1973) The Enzymes, Third Ed., Vol. VIII,
307-333.

Olmsted, J.B. and Borisy, G.G. (1975) Biochemistry 14, 2996-3005.

135



