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In Vitro Reconstitution of Calf Brain Microtubules: Effects of Solution

Variables?

James C. Lee! and Serge N. Timasheff*

ABSTRACT: The effects of solution variables on the in vitro
reconstitution of calf brain tubulin, purified by the method of
Weisenberg et al. (Weisenberg, R. C., Borisy, G. G., and
Taylor, E. W. (1968), Biochemistry 7, 4466-4479; Weisen-
berg, R. C., and Timasheff, S. N. (1970), Biochemistry 9,
4110-4116), as modified by Lee et al. (Lee, J. C., Frigon, R.
P., and Timasheff, S. N. (1973), J. Biol. Chem. 248, 7253~
7262), were investigated at pH 7.0. Reconstitution of mi-
crotubules was successful in a variety of buffer systems, the
free energy of the propagation step of microtubule formation
being little dependent on the buffer. Microtubule formation
is promoted by magnesium ions and guanosine triphosphate,
but inhibited by calcium ions. The dependence of the apparent

Following the initial observations of Weisenberg (1972) that
microtubules can be reconstituted from a partially purified
tubulin preparation, a number of reports have appeared on the
in vitro reconstitution of microtubules (Olmsted and Borisy,
1975; Jacobs et al., 1974, 1975; Shelanski et al,, 1973;
Kirschner et al., 1974; Erickson, 1974). In all of these studies,
the protein was prepared according to several variants of the
polymerization-depolymerization (cycle) procedure of She-
lanski et al. (1973). This procedure yields tubulin of 80 to 90%
purity, the rest consisting of 200 000 to 300 000 molecular-
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association constant for microtubule formation on ligand
concentration was analyzed by the linked function theory of
Wyman (Wyman, J. (1964), Adv. Protein Chem. 19, 224~
286), leading to the conclusion that the formation of a tubu-
lin-tubulin contact involves the binding of one additional
magnesium ion per tubulin dimer. Microtubule formation is
also accompanied by the apparent binding of one additional
proton and the release of water molecules, as suggested by the
thermodynamic parameters determined. The reaction is en-
tropy driven with an apparent heat capacity change, AC,, of
—1500 + 500 cal/deg-mol. The enhancement of tubulin
reassembly by glycerol is most likely due to nonspecific pro-
tein-solvent general thermodynamic interactions.

weight components and/or smaller components distributed into
10 to 15 different protein bands observed in sodium dodecyl
sulfate gel electrophoresis (Weingarten et al., 1975; Erickson,
1974; Murphy and Borisy, 1975). Results obtained with tu-
bulin prepared by the cycle procedure have led Kirschner and
co-workers (Kirschner et al., 1974; Kirschner and Williams,
1974) to conclude that the 5.8S native dimers of tubulin
(110 000 molecular weight) are chemically and functionally
different from the subunits which make up ring structures, that
the ring structures are not in equilibrium with the 5.8S species,
and that only rings polymerize into microtubules, the 5.8S
species being unable to do so. Furthermore, these authors have
asserted that the ability of the rings to assemble into mi-
crotubules is due to a salt-dissociable factor. In the absence of
such a factor, they have stated that “tubulin is utterly unable
to polymerize into microtubules” (Weingarten et al., 1975).
These conclusions are in contrast with the results obtained with
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tubulin purified by the Weisenberg procedure (Weisenberg
et al., 1968, 1970). Using such a tubulin preparation, which
is approximately 99% pure by the criterion of sodium dodecyl
sulfate gel electrophoresis, it has been shown that the 5.8S
dimers are capable of existing in dynamic equilibrium both
with double rings (Frigon et al., 1974; Frigon and Timasheff,
1975a,b), which appear to be of identical structure with those
reported as products of microtubule depolymerization (Er-
ickson, 1974; Kirschner and Williams, 1974), and with mi-
crotubules (Lee et al., 1975; Lee and Timasheff, 1975; Ti-
masheff et al., 1976a). In such preparations, all of the 5.8
tubulin dimeric molecules behave in a thermodynamically
identical manner with respect both to the magnesium-induced
self-association to rings (Frigon and Timasheff, 1975a,b), and
to the self-assembly to reconstituted microtubules (Lee and
Timasheff, 1975). The in vitro reconstitution of microtubules
from tubulin prepared by the Weisenberg procedure has been
shown to procede in the absence of any high-molecular-weight
species (Lee and Timasheff, 1975), be they the 200 000~
300 000 molecular-weight proteins found in some cycle
preparations (Murphy and Borisy, 1975), but not in others
(Weingarten et al., 1974), or preexisting nucleation centers
which have been claimed as essential to reconstitution (Borisy
and Olmsted, 1972), and have been identified as single rings
with an outside diameter of 29 nm (Borisy and Olmsted, 1972)
or 35 nm (Olmsted et al., 1974).

The composition of the reconstitution medium has also been
reported to affect strongly the process of tubulin self-assembly
to microtubules. Working with cycle preparations, Olmsted
and Borisy (1975) have reported that microtubule polymer-
ization is promoted by buffers which possess strong dipole
moments but that “no assembly occured in other commonly
used buffers (e.g., phosphate)”. On the basis of this, they have
proposed that zwitterions might be involved in microtubule
regulation in vivo. On the other hand, tubulin highly purified
by the Weisenberg procedure has been reconstituted into mi-
crotubules in phosphate buffer (Lee and Timasheff, 1975).
While GTP' is normally used in microtubule reconstitution
media, Shelanski et al. (1973) have reported that, in the
presence of glycerol, no additional GTP is required for mi-
crotubule formation.

In view of these apparently contradictory statements in the
literature, it seemed desirable to investigate systematically the
effects of solution variables on the in vitro reconstitution of
microtubules from tubulin preparations essentially devoid of
other proteins. The results of studies on the effects of tem-
perature, buffer composition, ligands, and glycerol are reported
in this paper.

Materials and Methods

Glycine, cacodylate, 8-alanine, lysine, Tris, Mes, and Pipes
were purchased from Sigma Chemical Co. Imidazole and re-
agent-grade glycerol were obtained from Eastman Kodak Co.
and Fisher Scientific Co., respectively. Uranyl acetate was
obtained from Mallinckrodt Chemical Works and [ethylene-
bis(oxyethylenenitrilo)]tetraacetic acid (EGTA) was from J.
T. Baker Chemical Co.

Calf brain tubulin was prepared by the modified Weisenberg
procedure (Weisenberg et al., 1968; Weisenberg and Ti-

! Abbreviations used are: Mes, 4-morpholineethanesulfonic acid; Pipes,
piperazine-N,N’-bis(2-ethanesulfonic acid); EGTA, [ethylenebis(oxy-
ethylenenitrilo)Jtetraacetic acid; EDTA, (ethylenedinitrilo)tetraacetic
acid; Tris, 2-amino-2-hydroxymethyl-1,3-propanediol; GTP, guanosine
triphosphate; CD, circular dichroism.
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FIGURE 1: Circular dichroism spectra of tubulin. The corresponding
symbols and conditions are (—) tubulin in the following, pH 7.0, 1072 M
buffer systems: phosphate, Mes, Pipes, Tris, imidazole, cacodylate, and
glycine with 1074 M GTP, 21-23 °C, and in 3.4 M glycerol, 102 M
phosphate, 1.6 X 1072 M MgCl,, 104 M GTP, 10~ M EGTA at pH 7.0,
37°C; (- » -) in 10~2 M glycine at pH 7.0, in the absence of GTP, 21-23
°C; (-++) in 3.4 M glycerol, 10~2 M phosphate, 1.6 X 10~2 M MgCl,, 10~4
M GTP, 107> M EGTA at pH 7.0, 21-23 °C; (- - -) in 0.2 M Pipes at pH
7.0, 21-23 °C. Protein concentrations were 1.2 to 1.6 mg/mL. The bars
represent experimental uncertainties.

masheff, 1970; Lee et al., 1973). The concentration of protein
was determined by diluting the sample with 6 M guanidine
hydrochloride and measuring the absorbance at 274 nm using
an absorptivity of 1.15 mL/mg-cm (Lee et al., 1973).

The self-assembly of tubulin was monitored by turbidity
measurements (Gaskin et al.,, 1974; Berne, 1974) and by
electron microscopy. The assembly buffer, unless specified
otherwise, consisted of 1.6 X 1072 M MgCl,, 3.4 M glycerol,
1073 M EGTA, and 10~ M GTP and the particular buffering
ion at pH 7.0. Turbidity was monitored at 350 nm on Cary 14
or 118 recording spectrophotometers. The protein solutions
were incubated at 37 °C or other specified temperatures in a
water-jacketed cuvette, which was thermostatically regulated
by a Haake KT 33 or Neslab RTE-4 circulator. The activities
of ionic species were calculated as the mean ion activities, a4,
properly taking into account the effect of glycerol on the ac-
tivity coefficients.

Results

Buffer Composition. Since solvent components may affect
the tubulin self-assembly reaction either by inducing confor-
mational changes or by thermodynamic interactions, the ef-
fects of changes in buffer composition were monitored both by
circular dichroism and by measurements of the apparent
equilibrium constant for the addition of tubulin subunits to
growing microtubules, defined as the reciprocal of the observed
critical concentration. The results of the circular dichroism
experiments are shown in Figure 1. It was found that the CD
spectra obtained in pH 7.0, 0.01 M phosphate, Mes, Pipes,
Tris, imidazole and cacodylate buffers were identical within
experimental error whether GTP was present or not. The av-
erage of the CD spectra obtained in these buffers is shown by
the solid line of Figure 1. The CD spectrum in 0.2 M Pipes,
shown by the dashed line, can also be regarded as identical
within experimental error with those obtained at lower buffer
concentrations. The only buffer system which gave a spectrum
differing from the others was 0.01 M, pH 7.0, glycine in the
absence of GTP, in which the intensity, but not the position of
several bands, changed. The cause of this spectral difference
is not known. It might be pertinent to remark that similar
1977 1755
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FIGURE 2: Effect of tubulin concentration on development of turbidity
on heating to 37 °C. The solvent was 3.4 M glycerol, 10~ M glycine, 104
M GTP, 10~* M EGTA, 1.6 X 102 M MgCl,, pH 7.0. The protein con-
centrations were: (A) 1.05 mg/mL; (B) 1.70 mg/mL; (C) 1.89 mg/mL;
(D) 2.23 mg/mL; and (E) 2.78 mg/mL.

changes have been observed in the case of ribonuclease in the
presence of carboxylic acids (Cann, 1971). Addition of 10~
M GTP to the glycine buffer resulted in a CD spectrum iden-
tical with those shown by the solid line of Figure 1. It would
appear, therefore, that the reported difference between the
ability of tubulin to reconstitute in phosphate and zwitterionic
buffers does not reside in any significant conformational dif-
ferences of the protein in these systems.

The effects of buffer composition on the thermodynamics
of microtubule reconstitution were examined by the turbidi-
metric method of Gaskin et al. (1974). This has been shown
(Berne, 1974) to be, within a defined set of assumptions, a
rigorously valid quantitative method for measuring the extent
of polymerization when the product has the geometry of long
thin rods. Extrapolation of turbidity values obtained at dif-
ferent protein concentrations to zero turbidity gives the critical
concentration, C;. Oosawa and Higashi (1967) have shown
that, for helical polymerization, such as that of actin, or, in-
deed, of the tubulin self-assembly to microtubules (Gaskin et
al. (1974), the critical concentration is equal within close ap-
proximation to the inverse of the association constant, Kp, for
the addition of each subunit to a growing helix.2

Figure 2 shows typical results of changes in turbidity when
a tubulin solution in 0.01 M glycine reconstitution buffer is
heated to 37 °C. The turbidity values in the plateau regions
are proportional to the tubulin concentrations, as shown in the
inset of Figure 2. Extrapolation to zero turbidity gives a value
of the critical concentration, Cr, of 0.5 mg/mL, or 4.55 X 1076
M tubulin. This results in K = 2.2 X 10° L/mol, and an ap-
parent free energy of polymer propagation, AG®, = —7.6
kcal/mol. Electron microscopic examination of the products
of polymerization in this association buffer reveals the presence
of microtubules, as shown in Figure 3A, although ring-like
structures are also seen to be present. Apparently, the number
of rings observed per grid area is greater for the glycine asso-
ciation buffer than other systems, such as phosphate or imid-
azole, shown in Figure 3B.

The results of similar turbidimetric measurements in various
buffer systems are summarized in Table I. They indicate that

2 It is easy to show that this is valid for any mode of polymerization in
which chain growth proceeds by a cooperative mechanism. In fact, the
existence of a “‘critical concentration™ is a trivial consequence of the co-
operative nature of chain propagation.
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FIGURE 3: Electron micrographs of tubulin. (A) Reconstituted mi-
crotubules in 3.4 M glycerol, 10~2 M glycine, 1.6 X 1072 M MgCl,, 10—¢
M GTP, 10-3 M EGTA, pH 7.0, at 37 °C. The magnification factor is
46 250X. (B) Tubulin in the imidazole assembly buffer, pH 7.0, at 37 °C.
The magnification factor is 27 500X. (C) Tubulin in phosphate assembly
buffer without GTP, pH 7.0, at 37 °C. The magnification factor is
29 250X. The bars represent 50 nm.

TABLE I: Dependence of K, on Buffer Systems? at 10~2M, 37 °C,
and pH 7.0.

G Ky —AG®4pp
Buffer (mg/mL) (L/mol) (kcal/mol)
Phosphate 1.2+0.1 9+ 1x104 7.0+0.1
Tris 1.2£0.1 941 %10 7.0+ 0.1
Cacodylate 20£0.1 5.54+03X%104 6.7+ 0.1
Mes 0.4 +0.1 28 + 8 x 104 7.74+£02
Pipes 0.6 0.1 18 +4 x 104 74402
Imidazole 0.7+0.1 16 +£2 % 104 7.4 +£0.1
Glycine 0.5+0.1 224+ 6 X104 7.6+£0.2
B-Alanine 0.6 £0.1 18 + 4104 7.4+0.2
Lysine 0.740.1 16 + 2 X 10* 7.4 +0.1

@ Contain 3.4 M glycerol, 107*M GTP, 10-3M EGTA, and 1.6 X
10—2M MgCl,.

the polymerization of tubulin into microtubules is little de-
pendent on the nature of the buffer components, since the
spread in the polymer propagation free energies in the various
solvents is not greater than 10%. Closer scrutiny does reveal
some differences. It appears that chain propagation is some-
what weaker in phosphate, Tris, and cacodylate buffers of
identical concentration than in the others. There is, however,
no obvious systematic difference between the nature of ions
in the two classes. The weaker association buffer family con-
sists of one cationic and two anionic buffers. The buffers in
which association is stronger contain all the zwitterionic species
and imidazole, which is a cationic buffer. An explanation might
possibly be found in the different ability of these various buffers
to chelate divalent cations, although no systematic data are
available on this point. It does not seem likely, however, that
this small difference can reflect specific effects, such as would
be expected in the case of the proposed physiological regulation
(Olmsted and Borisy, 1975).

Examination of the effects of buffer concentration and ionic
strength on K, gave the results presented in Table I1. It is ev-
ident that a tenfold increase in the concentration of the buffer
constituent for glycine and 20-fold for Pipes does not lead to
any significant change in K. In contrast, addition of 0.1 M
NaCl to 0.01 M phosphate lowered the value of K, threefold
to 3 X 10* L/mol. These observations are in disagreement with
those of Olmsted and Borisy (1975) who reported that a tu-
bulin preparation purified by an assembly-disassembly pro-
cedure had an optimal Pipes concentration for microtubule
formation of 0.1 M, the extent of polymerization decreasing
in both 0.008 and 0.2 M Pipes to about 30% of that in 0.1 M
Pipes. Since in protein purified by the Weisenberg procedure
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TABLE 11: Effects of Buffer Concentration on K, of Calf Brain
Tubulin at pH 7.0 and 37 °C.

C; K,

Buffer Concn (mg/mL) (L/mol)
NaCl“

0.0M 1.2+ 0.1 941 x104

0.1 M 34+£0.1 3.240.1 x 10
Glycine?

001 M 0.5+0.1 22+ 4 %104

0.10M 0.5+0.1 22+4%x104
Pipes?

001 M 0.7+ 0.1 16 £2 % 104

0.10 M 0.6 £0.1 18+ 2 X 104

0.20 M 0.8 +0.1 14 +£ 2 x 104

“ Buffer contains 3.4 M glycerol, 10~2M phosphate, 1073M EGTA,
107#M GTP, and 1.6 X 10~2M MgCl,. ¢ Buffers contain all the
solvent constituents as in footnote a, with phosphate replaced by these
buffer components.

the CD spectrum (Figure 1) and K, (Table II) were indepen-
dent of Pipes concentration, indicating the absence both of
conformational and thermodynamic effects, the drastic de-
crease in the extent of polymerization in 0.2 M Pipes reported
by Olmsted and Borisy (1975) for the assembly-disassembly
prepared protein might be related to dissociation from com-
plexation with tubulin of the heavy molecular-weight com-
ponents present in such tubulin preparations. Indeed, Murphy
and Borisy (1975) have reported that these components, which
stimulate the formation of microtubules, are completely dis-
sociated from tubulin in 0.3 M KCl.

Effect of Temperature. The effect of temperature on tubulin
self-association was examined in the pH 7.0, 10~2 M phosphate
buffer system. The results are shown in Figure 4 and Table II1.
A pronounced curvature is observed in the van’t Hoff plot. The
data were, therefore, fit to the equation

InKp=a+5b(1/T)+cInT (1)

which is a truncated form of the integrated van’t Hoff equation
(Glasstone, 1947). The values of the free energy, AG®, the
enthalpy, AH®, the entropy, AS®, and the heat capacity, AC,
changes in the reaction are given by

AG® = —RT In KPP
AH® = R(cT - b)
AS® = (AH® — AG®)/T
AC, = Re 2)

The resulting thermodynamic parameters are summarized in
Table III. The polymerization of tubulin is characterized by
an apparent change in heat capacity, ACp of —1500 cal/mol
deg, and positive changes in enthalpy and entropy. These values
of the thermodynamic parameters suggest the loss of ordered
water on the formation of each tubulin-tubulin contact. They
are qualitatively consistent with thermodynamic parameters
observed for the in vivo formation of the mitotic spindle
(Zimmerman and Marsland, 1964; Salmon, 1975a) and with
the known depolymerization of microtubules both in vivo and
in vitro upon application of high pressures (Marsland, 1970;
Salmon, 1975b).

Effects of Ligands. With the knowledge that buffer systems
per se have little effect on microtubule formation, the solvent
composition requirements for the reaction were examined. It

ol H‘{\;\;\} _

in Kgpp
o
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FIGURE 4: Van’t Hoff plot of tubulin reconstitution. The solvent was the
phosphate assembly buffer, pH 7.0.

TABLE 1il: Thermodynamics of Microtubule Growth in the
Presence of Magnesium.@

AH®qpp AS®app
T(°C) In Kypp (kcal/mol) (eu)
23.0 10.62 22.79 98
25.5 10.96 19.10 86
27.5 11.18 16.16 76
29.5 11.35 13.21 66
32.0 11.47 9.52 54
34.5 11.51 5.83 42
37.0 11.51 2.15 30
39.5 11.68 —-1.54 18
42.0 11.61 ~5.20 6

2 ACpapp = 1500 £ 500 cal/mol deg.

is known that microtubule formation in vitro is strongly en-
hanced by the presence of magnesium ions and GTP (Lee and
Timasheff, 1975), that it is inhibited by calcium ions
{Weisenberg, 1972), and that it occurs to a greater extent at
pH 6.5 than 7.0 (Gaskin et al., 1974). A quantitative study of
the effect of these ligands on microtubule growth was under-
taken. Using again the turbidity assay, the critical concen-
tration for the reassembly reaction was determined as a
function of ligand concentration, and the data were analyzed
in terms of the linked function relations developed by Wyman
(1964), and extended by Tanford (1969) and by Aune et al.
(1971).

According to the linked function theory, it can be shown
that, if the polymer growth constant observed, K, is purely an
association constant, with no secondary reactions such as
conformational changes involved, it can be expressed as a
function of solvent variables at constant temperature and
pressure, K = K(ay, aw, ay), where a; is the activity of species
i, with H representing protons, w representing water, and x
representing other solute species. Then, any change in the free
energy of the reaction, AG, can be expressed as

AG AG
d(AG) = (———) dun + <a > du
aﬂ-H How,ix aﬂ-w HH,tx

3AG
+ ( - ) due (3)
My / uH.iw

where ; is the chemical potential of component /, u; = u°; +
RT In g;. If the activities of all ligands, except one, are held
constant, rearrangement of eq 3 gives (Aune et al., 1971)

_ 1 dAG _dInK
RT dlna, dlIna,

= A[’pref 4
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TABLE 1V: Dependence of Microtubule Growth on Magnesium
Concentration.

[Mg“’], Total Kapp = ]/CC,-,‘, K>

(mol/L) (L/mol) (L/mol)
0.5 % 102 4.17 x 10* 1.86 x 103
0.7% 102 4,90 X 10% 1.61 X 10°
1.0 X 1072 7.03 X 104 1.74 X 103
1.2 %1072 8.33 x 104 1.84 X 10°
1.4 x 1072 9.39 X 104 1.89 X 10°
1.6 X 10~2 10.80 X 104 1.90 X 10°
20x%x 1072 12.93 x 104 213X 108

where Avprr is the difference between the preferential inter-
action of solvent components with the two end states of the
reaction in question. In standard multicomponent thermody-
namic notation (Casassa and Eisenberg, 1964; Timasheff,
1973a), this parameter can be expressed as

~ om product am reactant
Al"Prel’ = < x) - <_'_X> (5)
6mp x Gmp Hx

where m; is concentration in molal units and the subscript p
refers to protein. In eq 5, the molality of protein should be
expressed in terms of units of identical molecular weight in the
product and the reactant. Preferential interaction, expressed
in terms of preferential binding, is related to the absolute in-
teractions of ligand and water with protein, z;, by (Inoue and
Timasheff, 1972).

om N
<‘“‘x> = 5y = — PH,0 (6)
amp Hx MHy,0

Therefore, for the microtubule growth reaction, the depen-
dence of the polymer propagation constant, Ky, on ligand ac-
tivity is

dIn Ky m
= “’XP - po - * (VHzop - VHzOM) (7)
dlina, MH,0

where the superscripts P and M refer to tubulin subunits in the
polymer and monomer states, respectively. At low ligand
concentrations, ny < 1072, the last term becomes negligibly
small, since mx/mu,0 = <1072/55.5 = <1.8 X 1074, and d
In Kp/d In a, can be equated within a close approximation with
Aby, the difference between the number of ligand molecules
bound? to a tubulin subunit in the polymer and monomer
states.

The results of such experiments carried out as a function of
magnesium concentration, between I and 2 X 1072 M MgCl,
total concentration, are shown in Figure 5 and Table IV.* From
the straight line obtained, it is obvious that, within the mag-
nesium concentration range studied, the formation of mi-
crotubules is favored by an increase in Mg?* ion concentration.
This is in contrast to the report of Olmsted and Borisy (1975),
who reported that magnesium concentrations greater than 1
X 1073 M inhibited microtubule self-assembly from cycle-

3 The term binding in this context means strictly a measure of ther-
modynamic interactions, without any assumptions about specificity,
stoichiometry, mechanism, or, indeed, contact between the protein and
the ligand.

4 The concentration of free magnesium ions in solution, used in the
figure and in the subsequent calculations, was obtained by correcting for
the formation of MgHPQ,, using ionization constants measured by Tabor
and Hastings (1943) and by Greenwald et al. (1940). Similarly a correc-
tion was made for the magnesium bound to tubulin, using the data of
Frigon and Timasheff (1975b). This correction was of the order of 3 X
10~4 M and did not affect the results significantly.
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FIGURE 5. Dependence of the apparent propagation constant on MgCl,
and glycerol. Filled circles: In K,pp as a function of MgCly activity (a):
triangles: In K, pp function of free magnesium ion concentration; open
circles: In K,pp as a function of glycerol activity; the values of the calculated
MgCl; activity at the two extreme glycerol concentrations are marked on
the figure. The solvent was the phosphate assembly buffer at pH 7.0 and
37 °C; the experiments as a function of MgCl, were done in 3.4 M glycerol:
the experiments as a function of glycerol were done in 1.6 X 1072 M

prepared tubulin. The slope of the straight-line plot according
to €q 4 gives Abper = 0.78.

Results of similar experiments on the effects of hydrogen
ions, calcium, and GTP are shown in Figures 6 and 7. [t is ev-
ident that increase in hydrogen ion activity between pH 6.33
and 7.00 enhances the self-association. In the pH-dependence
experiments, the total MgCl, concentration was kept constant
at0.016 M, resulting in a variation® of the mean ionic activity,
ax, from 0.0110 at pH 7.00 t0 0.0125 at pH 6.30. The values
of In K,pp were, therefore, all corrected to ax = 0.0110 prior
to plotting, the largest correction amounting to 0.09, or within
experimental error. The resulting straight-line plot (Figure 6)
has a slope of 0.86 + 0.15, indicating that one additional proton
is being apparently bound to protein for each subunit added
to the growing structure. The data for calcium and GTP are
plotted as a function of the constituent concentration of the
ligand, rather than of the mean ionic activity of the free ligand,
since neither the stoichiometry nor the free energy of binding
of these ligands to tubulin is known, and, therefore, a correction
for bound ligand is not possible. The results show that mi-
crotubule formation is inhibited by calcium at concentrations
greater than 3 X 1073 M. At 1.2 X 1074 M CaCl,, the critical
concentration reaches a value of 5.1 mg/mL. The effect of lead
was also examined. It was found that at lead acetate concen-
trations up to [ X 1074 M, the effect on microtubule recon-
stitution was weak; at 1 X 107* M PbAc,, K, = 0.7 X 10°
L/mol, whereas, in the absence of lead, the value was 1.2 X
10°. 1t was not possible to pursue this examination to higher
lead concentrations, because of problems caused by hydrolysis
and precipitation.

The requirement for GTP was carefully examined at ligand
congentrations below 1 X 1074 M. When GTP was absent,
heating of tubulin solutions resulted in an irreversible increase
in turbidity (Lee and Timasheff, 1975). Electron microscopic
examination, shown on Figure 3C, revealed the presence only
of rings as regularly structured assemblies, in addition to
amorphous aggregates. No microtubules were seen. In the
presence of GTP, heating led to a fully reversible increase in
turbidity. The data, analyzed in terms of Kp, are shown on
Figure 7. The propagation constant is found to increase sharply
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FIGURE 6: Dependence of the apparent propagation constant on hydrogen
ion concentration. The solvent was the phosphate assembly buffer with
H* as the variable at 37 °C.

as the GTP concentration is raised above 1 X 10~ M, the ef-
fect becoming saturated at GTP levels above 3 X 1073 M.
While these data indicate strong thermodynamic interaction
of GTP with tubulin during microtubule propagation, no
stoichiometry can be derived, since the concentration of free
GTP is not known. The requirement for GTP is, nevertheless,
clear. At tubulin and GTP concentrations of 1.4 X 1073 and
1 X 10~5 M, respectively, tubulin can be induced to form mi-
crotubules once. Following depolymerization and total dis-
appearance of turbidity by cooling at 10 °C, no turbidity could
be regenerated by heating to 37 °C. Reversible turbidity was
regenerated, however, by addition of GTP to this depolymer-
ized solution to a final concentration of 10~4 M and heating
to 37 °C, indicating that the protein had not lost its ability to
polymerize. In general, when GTP was present in concentra-
tions higher than tubulin, e.g., 3.3 X 10=3 M, the polymer-
ization-depolymerization process could be observed for at least
three cycles. On the other hand, when GTP was absent, heating
in the presence of 1074 M GDP did not induce any change in
turbidity.

Effect of Glycerol. Glycols are known to enhance the for-
mation of microtubules (Shelanski et al., 1973; Rebhun et al.,
1975), as well as to stabilize isolated microtubules (Kane,
1962). Lee and Timasheff (1975) have shown that microtubule
reconstitution from purified tubulin is favored by the presence
of glycerol, although glycerol is not an absolute requirement.
While the mechanism by which such compounds affect the
self-assembly of microtubules is not known, it has been sug-
gested that they act by inducing tubulin to assume a confor-
mation which has a higher ability to polymerize or by anta-
gonizing inhibitors of polymer formation (Rebhun et al., 1975).
It was thought, therefore, of interest to examine this question.
From the outset, there is one aspect of glycerol action which
strikingly sets it apart from the various other ligands studied,
namely, the high concentration required for activity. Glycerol,
in order to be effective, must be present at concentrations be-
tween 1 and 4 M. Therefore, its activity can be neither specific
nor due to strong binding to one or more sites on the protein
molecule. It can act nonspecifically, however, either by in-
ducing a required conformational change, or by general ther-
modynamic interaction with the protein.

Circular dichroism spectra, presented in Figure 1, show that,
within the resolving power of this technique, glycerol does not
induce any conformational changes in tubulin either at 23 or
37 °C. In order to gain quantitative knowledge of the effect
of glycerol on tubulin self-assembly, turbidimetric measure-
ments were carried out under polymerizing conditions and K,
was derived from the critical concentration as a function of
glycerol concentration. The results, plotted in terms of eq 4,
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FIGURE 7: Dependence of the apparent propagation constant on CaCl;
and GTP. Filled circles: In K.pp as a function of total CaCl; concentration
(left ordinate); open circles: In K;pp as a function of total GTP concen-
tration (right ordinate). The numbers on the figure are the total ligand
molarity at the given points; the dashed line is the asymptotic value of In
Kapp in the absence of calcium. The solvent was the phosphate assembly
buffer at pH 7.0 and 37 °C; it contained 107> M EGTA in the GTP ex-
periments and no EGTA in the calcium experiments.

are shown in Figure 5.3 The slope of the straight line gives a
value of 0.96 £ 0.10 for (8mg/dmp)F — (dmg/dmp)M; i.e., the
preferential interaction of glycerol with protein increases by
one molecule of ligand per molecule of protein, when each
tubulin dimer is added to a growing microtubule. Using this
result, an attempt was made to estimate the expected value of
Kpand, hence, C, in the same medium, but without glycerol.
Integration of eq 4 between glycerol activities of 0 and 5.07
molal (3.4 M) gave a value of AG3.4m — AGo between —1.8
and —1.0 kcal/mol, resulting in an estimated free energy of
microtubule propagation in aqueous buffer of between —5.2
and —6.0 kcal/mol, or a critical concentration of between 6
and 13 mg/mL. This indicates that glycerol is not required for
microtubule formation from purified tubulin, but that it only
enhances a polymerizing capacity which is intrinsically present
within the protein. Subsequent measurements of the critical
concentration in a medium consisting of 0.01 M, pH 7.0,
phosphate buffer, 1 X 10~¢ M GTP, 1.6 X 1072 M MgCl; and
no glycerol resulted in an experimental value of C, = 8 % 1
mg/mL.

Discussion

The results described above clearly show that calf brain
tubulin purified by the Weisenberg procedure is capable of
self-assembling into microtubules in a variety of anionic, cat-
ionic, and zwitterionic buffers. The system seems to be best
described as a nucleated polymerization of the type discussed
by Oosawa and Kasai (1971), with the polymer propagation
reaction having a considerably higher free energy than that of
the self-association steps which lead to the formation of the
nucleus. The data are consistent with a simple mechanism in
which all 5.88 tubulin dimers are equally capable of entering
into the reaction. There is no evidence of the existence of
chemically distinct tubulin species, some of which are incom-
petent of polymerization, as has been asserted (Kirschner et
al., 1974), nor is there any need to introduce the requirement
for a specific protein factor which must complex with tubulin
before the latter can polymerize into microtubules (Wein-
garten et al., 1975), nor of required preexisting nucleation
centers (Borisy and Olmsted, 1972).

5 The activity coefficient of glycerol, v, was calculated from osmotic
coefficient, ¢, data of Scatchard et al, (1938), using the relation

1n7=(¢—1)+£m(¢—l)dlnm )
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By the criterion of circular dichroism, there is no difference
in protein conformation between tubulin dissociated into 5.8
S, 110 000 molecular weight dimers in aqueous buffer at 20
°C, and tubulin present in the reconstitution buffer, containing
3.4 M glycerol, at 37 °C. Microtubule formation from purified
tubulin requires GTP, is inhibited by calcium ions, as originally
discovered by Weisenberg (1972), and is enhanced by the
addition of magnesium ions.

Analysis of the effect of magnesium on microtubule prop-
agation in terms of the Wyman linked functions relation
suggests that one additional magnesium ion becomes bound
per tubulin dimer as the latter is incorporated into growing
microtubules, although the slope of the plot of In K, vs. In a4
is significantly smaller than unity. Plotting the same data in
terms of magnesium ion concentration, rather than activity,
as is frequently the practice, results in a slope of 0.71, as shown
by the dashed line of Figure 5. Since these values of the slope
make it difficult to distinguish between the binding of one
additional magnesium ion per tubulin dimer, or per pair of
tubulin dimers incorporated into a growing microtubule, it
seemed desirable to subject this result to more critical exami-
nation.

In a self-association reaction, if ligand binding is an integral
part of the reaction with only liganded monomer capable of
entering into the polymerization reaction, the ligand binding
equilibrium constant must be considered when the method of
determining the association constant, Kp, involves measure-
ments of the mass distribution of the species (Timasheff and
Townend, 1968). This condition is true of the turbidimetric
method for determining K. By definition, K, = C,~!. The
observed critical concentration, C,, however, is the total con-
centration of all protein species both liganded and unliganded,
and K, operationally defined in this way, is only an apparent
equilibrium constant, K,pp. According to Oosawa and Kasai
(1962, 1971), the total protein concentration, Cy, is equal to

Cl Kn 2 CI
Co= <—>———-——— 9
R R TR V' ATEaren e

where C is the concentration of monomer, K, is the equilib-
rium constant for growth of the nucleus, i.e., for each step of
the linear polymerization process which leads to the formation
of the nucleus, n is the degree of polymerization of the nucleus,
RTIns = —AG* is the unfavorable free energy of deforming
the linear polymer into a one-turn helix, and K is the polymer
propagation equilibrium constant. When C; = C;, C; becomes
essentially equal to K, ~!. Since, in this model, K, « K, KnC
<« 1, and the protein at C; = C, is essentially all in the state of
monomer.

Staying within the Oosawa-Kasai model, let us consider the
overall reaction, with the additional assumption that ligand
binding must precede the addition of subunits to the growing
helical polymer:

T+ X == TX K,
TX + X == TX; K,
: : (10)
TX,, + X == TX,; K,
TX, + M = MTX,; K,

where T is tubulin dimer, X is ligand, K is the ligand binding
constant, and K is the propagation constant for adding a li-
ganded subunit (TX,) to a growing microtubule M. Then

Kaupp = [MTX,] - fl"Kzlxl” (11)
MI(E(TX]) % (KiXD!
i=0 i=0
1760 BIOCHEMISTRY. VOL. 16, NO. &, 1977

LEE AND TIMASHEFF

Since in the microtubule growth process each product becomes
immediately the reactant for the next step in the polymeriza-
tion, [MTX,] = [M], Kapp = (2o [TX;])~". This result is
identical with the conclusion drawn from the analysis of the
Qosawa-Kasai model, except for the incorporation of ligand
binding, and permits us to set Kapp = C,7'.

Solving eq 11 for K, and setting K; = 1.06 X 102 L/mol
(Frigon and Timasheff, 1975b), a search was made for the
value of n for which K becomes independent of magnesium
ion activity. This condition was found to be satisfied at n = 1,
as shown in Table IV, with K> = 1.85 X 10° L /mol. This cor-
responds to a free energy of microtubule propagation, AG,°
= —7.5 kcal/mol and a true critical concentration of 0.59
mg/mL of fully liganded tubulin at pH 7.0, in the 0.01 M
phosphate buffer containing 3.4 M glycerol and 10~* M GTP.®
Therefore, the slope of 0.78 in the Wyman plot, in fact, does
correspond to the binding of one additional magnesium ion
during the incorporation of each tubulin subunit into a growing
microtubule.

Why is there such a discrepancy between the slope of the
Wyman plot and the true value of Avyr? The rigorous appli-
cation of the Wyman plot requires that the equilibrium con-
stant be expressed in terms of unliganded monomer only. In
a method in which all monomeric species are counted, such as
that used here, the slope becomes a complex function of ligand
binding and eq 4 assumes the form:

n
dIn Kia,)!
danaEE= igb( 14x)
dIn a,

(12)

AVpref —
pre dIna,
A more rigorous analysis of the system can be carried out
in terms of the complete reaction scheme:

M+T+X o= M + TX
N W

MT + X ——=—= MTX
The apparent propagation constant is now given by:

1 __KiKiX] ]
et om)

Setting K; = 1.06 X 102, K> = 1.85 X 10%and Ky~ 1 X 103
(the last value was estimated from an extrapolation of Kpp to
[MgZ*] = 0, which showed that K4 <« K3), K3 is found to be
~2.0 X 104 For ligand concentrations of the order 1072, such
as used in the present study, the term 1 + (1/K;3[X]) on the
right hand side of eq 14 becomes not much different from
unity, and eq 11 is found to be a close approximation of eq 14,
certainly within experimental error. From this analysis of the
data, it seems reasonable to conclude that, under the conditions
of the present experiments, the polymerization of purified
tubulin can be accounted for best by a model which includes
the incorporation of one additional magnesium ion for each
step in the reaction. This, however, does not establish the direct
participation of magnesium ions in the interprotein bond
formed when tubulin adds to a growing microtubule. It is
equally probable that the magnesium ions act indirectly, for
example, through an alteration of the charge distribution on

Kapp = (14)

6 The value of AG®; must be assigned an uncertainty of £0.3 kcal/mol,
since the values of K, at any given conditions were found to vary within
these limits between different preparations of tubulin. This uncertainty,
however, does not affect any of the conclusions reached, since the various
effects, such as slopes of In K, vs. In a, remained identical from one
preparation to another.



RECONSTITUTION OF MICROTUBULES

the surface of the protein molecule, leading to the formation
of a constellation of charges favorable to polymerization.
Furthermore, it is not known whether the additional magne-
sium ion is bound before or after the polymerization step, i.e.,
whether the reaction is ligand mediated or ligand facilitat-
ed.

The deduced value of Kz indicates that the magnesium ions
involved in microtubule formation are bound much more
strongly to tubulin in the polymer than in the monomer state
(AG”® of binding to microtubules is approximately —6 kcal/
mol, while AG® of binding to monomeric tubulin = —3 kcal/
mol). Therefore, essentially all subunits within microtubules
are liganded. The same holds true for the tubulin self-associ-
ation to double rings (Frigon and Timasheff, 1975a,b). In fact,
a sharp increase in magnesium binding has been observed at
concentrations at which the double-ring structure becomes
predominant in solution (Frigon, 1974). A similar situation
can be expected to exist for other ligands which enhance mi-
crotubule formation. These effects are simply direct conse-
quences of the cooperativity between ligand binding and self-
association, as described by the Wyman linked functions. In
descriptive terms, these relations can be regarded as examples
of the utilization of the free energy of polymerization for the
enhancement of the tightness of ligand binding in the ligand-
mediated polymerization, and of the reciprocal situation in the
ligand-facilitated reaction. Conversely, ligands which inhibit
polymerization should be bound more strongly to the mono-
meric species of the protein. Thus, an apparent lack of binding
to polymer and absence of depolymerizing action by a ligand
which inhibits polymerization, as has been reported for the
effect of colchicine on microtubule formation (Wilson and
Meza, 1973; Lee et al., 1974), may simply reflect a negative
value of Apper in combination with slow depolymerization
kinetics. In such a system, in relations similar to eq 13, K3 «
K, and the ligand concentration might have to be increased
by several orders of magnitude in order to produce an observ-
able effect on the polymer.

Relations similar to eq 10-14 could be set up to treat the
data on the effects of calcium and GTP. In the absence of
quantitative information on the binding of these ligands,
however, such an exercise does not seem warranted at present,
Suffice it to say that the observed effects in themselves do not
permit to make conclusions concerning the integral partici-
pation of these ligands in the association mechanism. Again,
the effects may be indirect.

The effect of hydrogen ion activity appears, at first sight,
amenable to analysis. The Wyman plot of Figure 6 gives a
value of Aby+ app = 0.86 £ 0.15. This suggests that the addition
of each tubulin dimer to a growing microtubule is accompanied
by the binding of at least one additional proton. Such proton
binding could signify either the titration of a group specifically
involved in the self-assembly reaction, or a general redistri-
bution of protons bound to tubulin due to the change in the
electrostatic free energy of the protein as its state changes from
that of an independent 110 000 molecular weight dimer to that
of an integral part of a large assembly (Timasheff, 1970). In
any case, it is most unlikely that the observed binding is due
to a conformational change of tubulin, since the circular di-
chroism spectrum of this protein remains invariant between
pH 6.1 and 7.0 (Lee, J. C., Corfman, D., Frigon, R. P., and
Timasheff, S. N., manuscript in preparation). A complete
analysis of the pH dependence is not possible, however, since
the pX of the group in question (if it is indeed a specific group)
is not known. The pH range suggests an imidazole; however,
it must be recalled that in 3-lactoglobulin there is a carboxyl

group with a pK,pp of 7.2 (Tanford et al., 1959; Susi et al.,
1959) and in lysozyme one with a pKpp of 6.5 (Timasheff and
Rupley, 1972). The narrow pH range of tubulin stability
(Gaskin et al., 1974) has precluded the extension of these
studies outside of the range between pH 6.3 and 7.0.

In the present study, the microtubule propagation reaction
has been found to proceed with apparent positive entropy,
positive enthalpy, and negative heat-capacity changes. The
values of the experimental enthalpy and entropy changes found
for purified tubulin are similar in magnitude to those reported
(Gaskin et al., 1974) for tubulin prepared by the cycle proce-
dure (Shelanski et al., 1973). These values are consistent with
those observed for microtubule formation in vivo (Salmon,
1975a; Stephens, 1973). They suggest a mechanism which
involves the release of water molecules on polymerization, and
it might be conjectured that the stabilizing forces involved are
either hydrophobic or electrostatic in nature, or both (Ti-
masheff, 1973b; Heremans et al., 1974). The known reversible
depolymerization of microtubules by an increase in pressure,
both in vitro and in vivo, lends further support to such a
mechanism. Indeed, the binding of magnesium ions which
accompanies polymerization is consistent with the involvement
of electrostatic interactions. Furthermore, it seems of interest
that a different type of magnesium-induced self-association
of tubulin, leading to the formation of closed-ring structures,
is known to be impeded by an increase in pressure (Frigon and
Timasheff, 1975b). There is no reason to believe, however, that
this last reaction is in any way related to microtubule forma-
tion.

The values of the thermodynamic parameters, reported in
this paper, are all based on the Oosawa-Kasai relation, K, =
C,~!. Therefore, the reported enthalpy, calculated by the van’t
Hoff relation, AH,p,, is operationally defined as

dinkK, _dInC;
d(1/7) T d(1/T)

Returning to considerations of the polymerization theory
of Oosawa and Kasai (1971), the critical concentration, C;,

can be expressed as
-]
K,

cmri (425 s (87
(16)

g Ky

where the symbols have their previously defined meaning. In
their analysis of such a polymerizing system, Qosawa and
Kasai (1971) have estimated reasonable values for the various
free energy relationships; Kn/Ky; = 2.4 X 1073, since the
number of contacts per monomer added is greater in the helical
polymer than in the linear one, and AG* = 5 kcal/mol. Using
even smaller values for these parameters, AG* = 2.5 kcal/mol
and K/Kg = 1072, the term in brackets on the right-hand side
of eq 16 reduces to unity, since n is a large number (a value
close to 13 would seem intuitively reasonable for the nucleation
of a microtubule). Even setting s = 1 does not change the sit-
uation. Combination of the reduced eq 16 with eq 15 results
in

AH,p = —R R (15)

dIn (K; = K,)
AHupp = —AHg + 2R ———E2—*% 17
app g a1/ 1) (17)
Since within the model used, K, < 1072K,, eq 17 reduces
within a very close approximation to AHgp, = AHy; i.e., the
critical concentration method yields essentially the enthalpy
change of the helix growth reaction.
Recalling that the present method of determining K, is
1977 1761
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based on measurements of the mass distribution of species, and
that the binding of one magnesium ion appears to be involved
in the polymerization, combination of eq 11 or 14 witheq 15
and 17 gives for AH,, the enthalpy of addition of a tubulin
dimer to the growing microtubule:

AH,
(1 + K,[Mg])
where AH, is the enthalpy of magnesium binding to tubu-
lin,
The heat capacity change, AC, = dAH/dT, is then found
to be

AH; = AH,pp, — (18)

AC
= ——a%pl
ACp2 = ACpapp 0+ K, [Ma])

() (T i

) a9

where ACp | and AC,; are the heat capacities of magnesium
binding and of microtubule growth, respectively.

Even though at present the values of AH, and AC,; for
magnesium binding to tubulin are not known, it seems
worthwhile to estimate the contributions of magnesium binding
to the measured thermodynamic parameters listed in Table
II1. Assuming a value of AH; = 5 kcal/mol, which is in the
range observed for metal binding to proteins (Brewer, 1974;
Hunt et al., 1972; Henkens et al., 1969) as well as of the en-
thalpy for chelation of Mg+ by EDTA and EGTA (Anderegg,
1964), it is found that, for 1.6 X 10~2 M MgCl,, the enthalpy
values of Table III should be reduced by approximately 2.5
kcal/mol to give AH,. The heat-capacity change, ACp, 2, would
have a value of ~(—1450 + 0.75 AC,;) cal/deg-mol. It ap-
pears, therefore, that, even after correction for the binding of
the metal ions, the enthalpy, unitary entropy, and heat-capacity
changes associated with the addition of each tubulin dimer to
a growing microtubule will remain consistent with the in vivo
values of these parameters and with a mechanism that involves
the release of ordered water molecules during polymerization,
Negative values of AH, would result in even more positive
values of AH> and AS».

Turning next to the question: why does glycerol enhance the
self-assembly of microtubules? The experimental observation
is that the increase in K,pp is accompanied by a change in the
preferential interaction between protein and solvent compo-
nents, Avprer = +1 molecule of glycerol per molecule of tubulin
dimer added to the growing structure. This value of Apyerre-
mains identical for K. In terms of eq 4 and 5, this means that,
on polymerization, the solvent composition in the immediate
domain of the protein becomes enriched in glycerol relative to
bulk solvent composition, as the protein monomer is incorpo-
rated into the polymer structure. Such an enrichment need not
mean that one molecule of glycerol becomes bound to protein
(in the sense of complex formation) in the course of polymer-
ization. To the contrary, it is most unlikely that the observed
effect of glycerol operates through the complexing of one
glycerol molecule with tubulin. Glycerol, in order to be effec-
tive, must be present at high concentrations, 1-4 M; namely,
the macromolecules are situated in an environment which is
10-30% glycerol by volume. Such a concentration requirement
would be consistent with a binding constant of ~10° L/mol,
with a free energy of binding of 0 kcal/mol. Had specific
binding of glycerol to protein been involved, the enhancement
of the self-assembly should have been evident at considerably
lower glycerol concentrations. The explanation must, therefore,
be sought elsewhere. Let us examine eq 5. We find that the only
1762
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requirement for Ayt to be positive is that (dmy,/dmp)P should
be more positive than (8my/dmp)M. This situation may be
obtained whether both quantities are positive or negative. It
has been shown (Timasheff et al., 1976b; Gekko, K., and Ti-
masheff, S. N., manuscript in preparation) for a number of
proteins that, in aqueous glycerol medium, dm,/dm, is neg-
ative. The proteins are preferentially hydrated, or glycerol is
preferentially excluded from the immediate domain of the
protein. Therefore, Apyer will be positive during tubulin po-
lymerization simply if this process is accompanied by a de-
crease in preferential exclusion of glycerol from the domain
of the protein.

Preferential interaction is most frequently expressed in the
notation of binding; yet, it is strictly a measure of the effect of
solution components on their respective chemical potentials,

since
om i} i}
G ™™ Goro) o/ G 29
8m2 T.Pu3 8m2 T,P.m3 8m3 T,Pm;

where component 2 is protein and component 3 is glycerol; y;
is the chemical potential of component i, u; = u®,(T,P) + RT
Inm; + RT In v, and «; is the activity coefficient of component
i. Therefore,

A <_f2#_3> - A <ﬂ2.>
dmy/ T.Pus oms3/ T.Pus

3l
=—RTADpref< Lyonm 73) (21)

ms onts

Equations 20 and 21, show that a negative value of
(8m3/dmy)Tp ., means that the introduction of protein and
glycerol into the presence of each other leads to an increase in
the chemical potentials of both, the system becoming ther-
modynamically less favorable. A positive value of APper, on
the other hand, means that (du3/dma)t p PO is less pos-
itive than (Aus/0m2)T p., 22" ie., the thermodynamic
instability of the system is reduced by a displacement of the
equilibrium to the right. What are the ways in which the system
may relieve the thermodynamic instability brought about by
the introduction of glycerol? It could do so by inducing a
change in protein conformation to one in which contact with
glycerol is less unfavorable, or by reducing the degree of con-
tact between the protein and the unfavorable solvent compo-
nent. In the case of tubulin, no conformational change occurs;
the second pathway is, however, realized by an enhancement
of the self-association. Indeed, if the parameters of eq 21 be-
come very large, this effect may lead to phase separation, as
is true in the crystallization of ribonuclease by 2-methyl-
2.4-pentanediol (Pittz, E. P., and Timasheff, S. N., manuscript
in preparation). Thus, it appears that the effect of high con-
centrations of glycerol on microtubule reassembly, or indeed
stability, can find a plausible explanation in terms of nonspe-
cific general thermodynamic interactions in which molecules
of the two solution components (tubulin and glycerol) need not
come into contact with each other. There is no need of invoking
any specific physiological action (Rebhun et al., 1975), nor
does it seem warranted to speak of “glycerol catalysis” of the
self-assembly, in view of the relative concentrations of the so-
lution components (1-4 M glycerol and ~107> M protein).
Examination of these results in terms of eq 7 shows that the
preferential exclusion of glycerol may be decreased by the
measured amount during polymerization, if 14 water molecules
leave the immediate domain of the protein subunit during the
course of the reaction, while the number of glycerol molecules
in that domain remains unchanged. This result, which is con-
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sistent with the conclusions drawn from the observed entropy
and heat-capacity changes, gives the minimal number of water
molecules that can be released when tubulin-tubulin contacts
are made. Any additional release of water would require the
simultaneous release of glycerol, one molecule of glycerol
leaving the domain of the protein for each 14 water molecules
released. Whether the preferential interactions of the protein
with water and accompanying preferential exclusion of glycerol
is the result of strong attraction for water or of repulsion of
glycerol molecules cannot be deduced from the present ther-
modynamic measurements. By eq 7 and 21, the net effect on
tubulin self-association must be the same: addition of glycerol
to the systems must increase the association constant.

One further question that must be considered is the possible
effect of glycerol on the activity of other components, in par-
ticular, of magnesium ions, since the partial derivative of eq
4 and 5 requires that the activities of all other solution com-
ponents be kept constant. The present experiments were done
at a constant concentration of MgCl,, but the mean ionic ac-
tivity, a1, varied only insignificantly over the range of glycerol
concentrations used: between ay = 0.0114 m in 15% glycerol
and 0.0108 m in 30% glycerol. Furthermore, the lowest value
of the dielectric constant of the medium was 65, or well above
the threshold of ion pair formation (Singer, 1962). It can be
safely concluded, therefore, that introduction of glycerol into
the system had no major thermodynamic effects other than
that described by preferential interactions.

Concluding Remarks. The results presented in this paper
on the self-assembly of purified tubulin to form microtubules
have been found to conform to a simple model, based on the
Oosawa-Kasai concepts of nucleated helical polymerization,
with the introduction of ligand binding into the reaction
pathway. While this does not establish the model as the only
possible one to the exclusion of all others, it is the simplest one
that can account for all the observations, and the introduction
of additional arbitrary parameters would only complicate the
analysis without providing new knowledge. It is clear that all
of the information can be accounted for by the simple addition
of 5.8S tubulin dimers to growing microtubules, in agreement
with the previous proposal of these authors (Lee and Ti-
masheff, 1975), as well as of Weisenberg and Rosenfeld
(1975), without the need of invoking intermediate structures
of various geometries, such as rings, sheets, or ribbons
(Kirschner and Williams, 1974; Kirschner et al., 1975; Er-
ickson, 1974). It is true that, in the electron micrographs ob-
tained with purified tubulin, rings are seen to be present si-
multaneously with microtubules (Lee and Timasheff, 1975).
Does this imply that the rings are required intermediates in
reassembly? The answer is no. The rings may simply be
products of a parallel, independent, self-association reaction.
While both reactions are stimulated by magnesium ions, there
are significant differences between them. Microtubule growth
is inhibited by colchicine and by very low levels of calcium.
Ring formation, on the other hand, proceeds in the presence
of both ligands (Tweedy, N., and Timasheff, S. N., to be
published; Weisenberg and Timasheff, 1971). These differ-
ences do not exclude absolutely the possible involvement of the
double rings in the pathway of microtubule assembly. The
self-assembly reaction, however, can be accounted for in terms
of a simpler thermodynamic model, nor is there any evidence
in the literature which compellingly supports the requirement
of the ring structures as intermediates in self-assembly.

Why are rings then seen simultaneously with reconstituted
microtubules? Frigon and Timasheff (1975a,b) have described
the thermodynamics of the magnesium-induced self-associa-

tion of tubulin to double rings consisting of 26 + 4 tubulin di-
mers. The free energies of addition of each dimer to a growing
ring or to a growing microtubule are of the same order of
magnitude, with that of microtubule growth being greater. One
may, therefore, expect these two reactions to proceed simul-
taneously and both products to be seen. In such a case, the
presence of rings and ring formation should be taken into ac-
count in the thermodynamic analysis of the reconstitution
reaction (eq 11), since the experimentally observed critical
concentration encompasses all species other than microtubules.
The contribution of the ring formation reaction to eq 11 and
14 was estimated using equilibrium constants reported by
Frigon and Timasheff, (1975b) and extrapolated to reassembly
conditions. The results indicate that the value of K, deduced
above is little affected, K, increasing by not more than 10%,
which is well within the error of the present experiments.
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