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Thermodynamic Linkage between iubuiin Seif- Association and the Binding 
of Vinblastinet 

George C. N a  and Serge N.  Timasheff* 

ABSTRACT: A sedimentation velocity study has been carried 
out of the vinblastine-induced self-association of calf brain 
tubulin in PG (0.01 M Nap, and lo4 M GTP, pH 7.0) buffer 
as a function of vinblastine concentration and temperature. 
The dependence of the weight-average sedimentation coeffi- 
cients (Szo,,) on total protein concentration can be fitted best 
by an isodesmic, indefinite self-association mechanism. Ap- 
parent association constants, derived by computer fitting of 
the Sz0,, data, were analyzed in terms of the Wyman linkage 
equations. Fitting to a variety of reaction models suggested 
that the self-association is one ligand molecule mediated; Le., 
the binding of one vinblastine molecule is coupled to the 
formation of each intertubulin bond. The intrinsic association 
equilibrium constant for dimerization of the vinblastine-lig- 
anded tubulin was found to be 1.8 X lo5 M-l. The self-as- 

I n  the preceding paper (Na & Timasheff, 1980) rigorous 
analysis of sedimentation velocity data on the self-association 
of tubulin induced by vinblastine has shown that this reaction 
can be described in terms of an indefinite isodesmic self-as- 
sociation model, in which tubulin subunits add to a growing 
chain with identical association constants for each step of the 
polymerization. The present paper is devoted to an analysis 
of the thermodynamics of the self-association process. Since 
this process is a consequence of interactions between tubulin 
and vinblastine, an understanding of the linkage between 
binding of the drug to tubulin and the polymerization reaction 
should help to elucidate not only the thermodynamic mecha- 
nistic aspects of this process but also the manner in which this 
antitumor agent and possibly other vinca alkaloids exercise 
their pharmacological action. 

The interaction between vinblastine and tubulin has been 
the subject of a number of studies described in the literature. 
In an earlier examination of this problem, Owellen et al. (1 972, 
1974), using porcine and rat brain tubulins, reported that the 
number of vinblastine molecules bound to tubulin was ap- 
proximately half of that of colchicine; Le., the suggested 
binding stoichiometry was one vinblastine molecule per two 
tubulin dimers. More recent studies by Lee et al. (1975) using 
calf brain tubulin, by Wilson et al. (1975) using embryonic 
chick brain tubulin, and by Bhattacharyya & Wolff (1976) 
using rat brain tubulin have produced the consistent result that 
each tubulin dimer contains two vinblastine binding sites. The 
binding constants reported from these laboratories, however, 
differed greatly from each other. Lee et al. (1975) and Wilson 
et al. (1975) concluded that a tubulin dimer contains two 
equivalent binding sites, with a binding constant of (2.2-2.4) 
X lo4 M-’ (Lee et al., 1975) or (3-5) X lo5 M-’ (Wilson et 
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sociation is characterized by an apparent van’t Hoff enthalpy 
change of +8.0 kcal/mol at  5 X M vinblastine and is 
driven by a positive entropy change. Apparent binding iso- 
therms of vinblastine to tubulin were calculated based on the 
association mechanism and parameters derived from the 
linkage analysis and were found to be consistent with the 
vinblastine binding results previously reported in our laboratory 
under identical conditions [Lee, J. C., Harrison, D., & Ti- 
masheff, s. N. (1975) J .  Biol. Chem. 250, 9276-92821. 
Comparison of apparent binding curves calculated with dif- 
ferent values of the self-association constants suggested that 
cooperativity between ligand binding and self-association may 
account for the disparity of the vinblastine-tubulin binding 
constants reported in the literature. 

al., 1975). On the other hand, Bhattacharyya & Wolff (1976) 
concluded that the two binding sites on rat brain tubulin are 
of different strengths, the binding constant of one site being 
6.2 X lo6 M-’ and that of the other site being 8 X lo4 M-‘. 

Compounding the strong disagreement about the value of 
the vinblastine binding constant, even less understanding exists 
of the molecular mechanism through which vinblastine inhibits 
microtubule formation, disrupts existing microtubules, and 
induces tubulin self-association, Wilson et al. (1975, 1976) 
have found that vinblastine, even when present at  a level 
substoichiometric to tubulin, can inhibit the in vitro assembly 
of embryonic chick brain microtubules but cannot bind to or 
disrupt preformed sea urchin sperm tail outer doublet mi- 
crotubules. They suggested that vinblastine may have a 
poisoning effect on microtubule assembly; i.e., the insertion 
of a tubulin dimer with vinblastine complexed to it during the 
assembly of a microtubule may stop its further growth. They 
also suggested that vinblastine binding sites on tubulin may 
be blocked when the protein is assembled into microtubules, 
preventing vinblastine from binding to or disrupting preformed 
microtubules. Using beef brain tubulin, Himes et al. (1976) 
have also found that a substoichiometric level of vinblastine 
is capable of inhibiting in vitro microtubule assembly. Fur- 
thermore, Bhattacharyya & Wolff (1 976) reported that the 
values of the dissociation constants, of the “strong” and “weak” 
vinblastine binding sites, calculated from their data, appear 
to correspond to the concentrations of vinblastine needed for 
the in vitro inhibition of microtubule assembly and the in- 
duction of tubulin aggregation, respectively. From this cor- 
relation, they suggested that the vinblastine molecule bound 
to the strong binding site may inhibit microtubule assembly, 
whereas that bound to the weak binding site may induce the 
aggregation of tubulin. 

While all of these studies neglected the linkage between the 
ligand binding and self-association reactions, it is evident that 
in the vinblastine-induced self-association of tubulin, the two 
reactions are obligatorily coupled to each other energetically. 
Therefore, the thermodynamic parameters reported in these 

0006-2960/80/0419-1355$01 .OO/O 0 1980 American Chemical Society 



1356 B I O C H E M I S T R Y  Y A  A N D  T I M A S H E F F  

stuicties(Lce etal.,  1975; WdSOK&al., 1975; Bhattacharyya 
& Wolff, 1976) must be regarded only as apparent values and 
any direct interpretation based on them can easily be erroneous 
and must be approached with great caution. Indeed, Cann 
& Hinman (1 976) and Nichol & Winzor (1 976) have shown 
that cooperativity between ligand binding and macromolecule 
self-association could result in ligand-binding curves resembling 
those characteristic either of cooperative binding between 
several ligand binding sites or of binding to several nonidentical 
sites. Proper analysis of the characteristic thermodynamic 
linkages between a ligand-binding reaction and a self-asso- 
ciation reaction can be used to great advantage in obtaining 
rigorously valid information on the ligand-binding stoichiom- 
etry and-the intrinsic association constants, as well as on the 
mechanism and thermodynamic parameters of the self-asso- 
ciation. In this paper, we have analyzed the free-energy 
linkage between the vinblaftine binding and the induced 
self-association of tubulin. This analysis has allowed us to 
deduce the vinblastine stoichiometry coupled to the self-as- 
sociation reaction and to assess the contributions of the 
“ligand-mediated’’ and “ligand-facilitated’’ pathways of the 
self-association. On the basis of the linkage analysis, a self- 
consistent explanation can be proposed for the diverse values 
reported in the literature for the tubulin-vinblastine binding 
constants. A preliminary report of these studies has been 
published (Na & Timasheff, 1979). 

Materials and Methods 
The method of calf brain tubulin preparation and the 

chemical reagents used were identical with those described in 
the preceding paper (Na & Timasheff, 1980). For the study 
of the temperature dependence of the self-association, tubulin 
was equilibrated with the experimental buffer at the desired 
temperature by using a jacketed Sephadex G - 2 5  column 
connected to a heating and cooling circulating bath. In 
equilibratingtuhlin with 1 X Mor hwer cancentrations 
of vinblastine, a precalculated amount of the drug was a&& 
to the protein before application to the column (1.7 X 25 cm) 
in order to avoid overdepletion of vinblastine from the gel. The 
veiwity  strifimmtatiun mpekrrrents were then yedomed at 
the same temperature as that used in the gel column equili- 
bration. Throughout this study, W i n  was always equili- 
brated with vinblastine in PG buffer’ before use. Unless stated 
otherwise, the listed vinblastine concentrations denote the 
concentration of unbound vinblastine in the solution. 

Results 
As described in the preceding paper, in the presence of 2.5 

X M o r  higher concent ra t ionsofv i~~rre i r r  PG b u k ,  
tubulin sediments in a single peak, skewed forward. As the 
concentration of free vinblastine is decreased, below 2.5 X 
M, the boundary gradually resolves into a bimodal one due 
to the generation of a concentration gradient of free vinblastine 
across it. However, irrespective of protein and ligand con- 
centration gradients in the reaction boundary, the movement 
of the second moment af t he  haundary always gives the 
weight-average sedimentation coefficient of the protein in the 
plateau region. The weight-average sedimentation coefficients 
of tubulin as a function of total protein concentration, for six 
different free vinblastine concentrations ranging from 1 X 10“ 
iir 5 x kl.axe&own.in Figure L. At the higher CGR- 

centrations of vinblastine, S20,w increases hyperbolically with 

’ Abbreviation used: PG buffer, 0.01 M Napi and 1 X l o4  M GTP, 
pH 7.0. 
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FIGURE I: Weight-average sedimentation coefficients (raw). of tubulin 
determined as a function of total protein concentration. Tubulin was 
equilibrated with different concentrations of vinblastine [(W) PG only; 

M; (e) 1 X IO4 M; (A) 2 X IO4 M; (a) 5 X lo4 M] in PG buffer, 
using both a batch and a flow column of Sephadex (3-25 gel as 
described under Materials and Methods; 0.5-mL aliquots were collected 
from the column and used directly for ultracentrifugation without 
dilution to avoid changes in free vinblastine concentration. The 920,w 
values were obtained from numerical integration of the sedimentation 
boundaries as described in the preceding paper. Solid lines are 
least-squares fittings of the experimental data by the isodesmic, 
inrkfinitc, sdf-mmiatim m&i dacritred- irr t-he- text. 

Table I: D~ependence of Tubulin Self-Association on Free 
Vinblastine Concentration 

(0) 1 x 104 M; (e) 5 x 10” M; (0) 2.5 x 10-5 M; (A) 5 x 10-5 

vinblastine concn fitted KZapp 
(mol/ L) (Limol) 

5 x 10-4 1 4  x 105 

2 x  10 I 3 x 105 
1 x  l o 4  1.1 x 105 
5 x  10 5 4 x  I O 4  
2 5 x  10 3 3 x  I O 4  
5 x  l o r 6  8 8 X  l o 3  
1 x I Y X  103 

increasing tubulin concentration. At lower vinblastine con- 
centrations, this trend gradually diminishes. At 1 X 10” M 
vinblastine, the lowest concentration studied, s20,w actually 
decreased slightly with increasing tubulin concentration, in- 
dicating that the negative concentration dependence due to 
the hydrodynamic retardation overwhelmed the positive de- 
pendence due to self-association, The solid lines shown in 
Figure 1 are least-squares fittings of the data according to the 
isodesmic, indefinite self-association model described in the 
preceding paper (Na & Timasheff, 1980). It appears, 
therefore, that this reaction model can accommodate well the 
experimental data obtained over the entire vinblastine con- 
centration range studied. Table I shows the apparent di- 
merization constants, KZaP*, obtained from curve fitting. 

The equilibrium constant, K,  for a m a c r d a u l a r r e a c t ’ l o n  
in which reactants A. and B form prcduct C can be expressed 
as K = [C]/[A][B], where [A], [B], and [C] are the molar 
concentrations of the reactants and product a t  chemical 
equilibrium. If the macromolecular reaction equilibrium is 
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affected by a ligand X and the activities of all other ligands 
are heid constant (Aune & Timasheff, 1y71), the thermody- 
namic linkage between its equilibrium constant and interaction 
with ligand is given by (Wyman, 1964) 

V O L .  1 9 ,  N O .  7 ,  1 9 8 0  1.357 

where ax is the thermodynamic activity of the ligand X and 
(am,/ami)T,P,4+, is the preferential binding of ligand X to 
species i of the macromolecule. The preferential binding term 
is, in fact, a sum of the total ligand binding and the total 
hydration (Tanford, 1969; Inoue & Timasheff, 1972; Lee & 
Timasheff, 1977) 

where [W] is the molar concentration of water in the solution, 
[XI is that of free ligand; W, is the total hydration of the 
macromolecular species i, and X I  is the total ligand binding 
by the macromolecular species i. If a ligand interacts strongly 
with the macromolecule, the effect of the ligand on the 
macromolecular reaction manifests itself a t  a concentration 
where [XI << [W], which permits us to neglect the second term 
in eq 2 and also to use [XI in the place of ax since the activity 
coefficient of the ligand should be essentially equal to 1.0. 

In defining the reaction equilibrium constant, K, the con- 
centration terms [A], [B], and [C] represent the total con- 
centrations of the corresponding species without distinction 
between molecules with different extents of binding of the 
various ligands (Wyman, 1964). This equilibrium constant 
is, therefore, an apparent quantity. In the case of self-asso- 
ciation reactions, it is identical with those determined by the 
usual physical techniques such as sedimentation, light scat- 
tering, or gel filtration, which measure macromolecular 
properties and are usually insensitive to the extent of inter- 
action of the macromolecule with low molecular weight lig- 
ands. 

In eq 2, X,  is defined as the average number of moles of the 
ligand X bound per mole of macromolecule i. AX = X c  - X A  
- X B  is then the difference of such average ligand binding 
between the product and the reactants, and AX should have 
a value between zero and the ligand stoichiometry in the 
macromolecular reaction, Le., the number of ligand molecules 
bound or dissociated during the course of the reaction. An 
analysis, therefore, of ( a  In K/a In ax)T,,P7a~,X or AX as a 
function of the ligand concentration should lead to the ligand 
stoichiometry in the reaction. Furthermore, a detailed study 
of AX as a function of ligand concentration can shed some light 
on the relative probability of various reaction pathways. Let 
us illustrate this by using, as an  example, a simple macro- 
molecular dimerization which can proceed through either a 
ligand-mediated or a ligand-facilitated pathway, as described 
below. 

(1) Ligand-mediated dimerization reaction. A ligand-me- 
diated reaction has been defined as one in which ligand binding 
must precede the macromolecular reaction (Tai h Kegeles, 
1975; Kegeles & Cann, 1978). For the dimerization involving 
one ligand molecule per protein monomer, we may express the 

reactions by pathway I of eq 3: 

I t 

p o l h w a y  II 

T denotes the macromonomer and X the ligand; kl  ana k2 are 
the equilibrium constants for the ligand-binding and the di- 
merization reactions, respectively. In this pathway, the binding 
of the  ligand moiecule X induces a change in the macro- 
molecule, e.g., in the charge distribution or conformation, 
which renders it capable of polymerization. For the mecha- 
nism written in this way, the monomers will not be able to 
self-associate without first binding the ligand. The dimers, 
on the other hand, bind the ligand X strongly and do not 
release it without first dissociating into monomers. The ap- 
parent self-association constant, K2aPP, and the Wyman 
function (eq 2) for such a dimerization reaction can be ex- 
pressed as 

and 

since k2 is the dimerization constant of the liganded macro- 
monomers and is independent of [XI. The solid lines in parts 
A and B of Figure 2 are plots of In KZaPP and AX as a function 
of In [XI. For the ligand-mediated dimerization, In KZaPP 
increases with increasing [XI; the curve displays a downward 
curvature at high values of [XI. AX, on the other hand, follows 
a sigmoidal dependence on In [XI; a t  very high ligand con- 
centrations it approaches zero asymptotically. As [XI de- 
creases, its value increases, reaching l .O at kl  [XI = l ,  and then 
approaches 2.0, the ligand stoichiometry of the dimerization 
reaction, a t  an infinitely low concentration of the ligand. 

(2) A ligand-induced dimerization reaction with an overall 
identical stoichiometry can also proceed through an alternate 
mechanism totally different from the one shown above, namely, 
through a ligand-facilitated pathway, Le., one in which ligand 
binding follows the macromolecular reaction and stabilizes the 
products (Kegeles & Cann, 1978). For dimerization, this is 
shown by pathway I1 of eq 3. In this mechanism, although 
the self-association reaction is also driven by the binding of 
one ligand per macromonomer, the macromonomer can self- 
associate into dimers even without binding the ligand. Con- 
trary to the ligand-mediated association, the ligand can bind 
only to the dimers and not to the monomers; the self-associ- 
ation generates a binding site. The liganded macrodimers are 
stable with respect to dissociation and will not dissociate into 
monomers without first releasing the bound ligands. The 
apparent self-association constant for this mechanism can be 
expressed as 
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FIGURE 2 :  Wyman plots of the apparent dimerization constant for 
the ligand-mediated, ligand-facilitated, and ligand-mediated plus 
-facilitated mechanisms of self-association. (A) In KZaPP vs. In [XI. 
The solid line is for ligand-mediated self-association, where k ,  = 1.8 
X I O 4  M-' and k2 = 1.8 X I O 5  M-'. The two dashed lines are for 
ligand-facilitated self-association where the intrinsic equilibrium 
constants used are (1) k3 = 2.7 X IO5 M-' and k4 = 8 X IO2 M-' and 
(2) k3 = 8.5  X lo5 M-' and k4 = 80 M-I. The open circles are for 
the ligand-mediated Ius facilitated mechanism of self-association 
where k ,  = 1.8 X IOfM-I: k ,  = 1.8 X IO5 M-I, k3 = 2.7 X I O 5  M-I, 
and k4 = 8 X I O 2  M-'. (B) (J  In,K2aPP/a In [X])T,P,ol+X vs. In [XI; 
the symbols have the same meaning as in (A). 

Since k4 is the dimerization constant of the unliganded ma- 
cromonomers, it is independent of [XI and 

The dashed lines in parts A and B of Figure 2 are plots of In 
K2aPP and AX as a function of In [XI for the ligand-facilitated 
dimerization. It is evident that the KZaPP values for the lig- 
and-mediated and ligand-facilitated association mechanisms 
are different functions of In [XI. For the ligand-facilitated 
dimerization, the plot of In K;PP vs. In [XI displays an upward 
curvature; AX has a value of zero a t  infinitely low ligand 
concentration, reaches 1.0 a t  k3[X] = 1, and approaches 2.0, 
namely, the ligand stoichiometry in the self-association reac- 
tion, a t  infinitely high ligand concentration. 

(3) Combined ligand-mediated and -facilitated dimerization 
reaction. While the preceding distinction will be true if one 
of the pathways is kinetically blocked relative to the duration 
of the experiment, it is certainly possible that both described 
pathways of eq 3 are kinetically permitted and maintain 
equilibrium during the time course of the measurements. In 
this case, the apparent dimerization constant and the Wyman 
function can be expressed as 

- - [T21 + V2XI + P2X21 

([TI + [Tx1)2 
K2aPP = 

1 + 2k3[X] + k32[X]2 

(1 + k,[XH2 
(8) k4 

and 

- 
2k,[X] + 2k,*[X]2 =a= 

I n  ['I T.P,a,+x 1 + 2k,[X] + k,Z[X]' 
2k,[XI ( 9 )  

1 + k,[XI 

) a In KZaPP 

These equations are plotted in parts A and B of Figure 2 by 
the open circles. For the combined ligand-mediated and 
-facilitated mechanism of self-association, the apparent asso- 
ciation constant approaches that of the mediated mechanism 
a t  high ligand concentration and that of the facilitated 
mechanism at low ligand concentration. For the derivative 
plot, U approaches zero a t  both the high and low ligand 
concentration ends, while between these two extremes it 
reaches a maximal value which is a function of the two ligand 
binding constants, k l  and k3,  and is less than the ligand 
stoichiometry in the dimerization reaction. 

The examples developed above indicate that in a Wyman- 
type plot, the slope is never equal to the exact stoichiometry 
of the number of ligand molecules involved in a reaction. In 
fact, this slope is a lower limit to the stoichiometry and may 
be significantly different from it. Equations 5, 7, and 9, which 
were developed specifically for the treatment of the vinblas- 
tine-dependent self-association of tubulin, are, in fact, par- 
ticular cases of more general expressions for ligand-induced 
self-association. Let us consider a reaction with a degree of 
self-association r and involving a number of ligand molecules 
per monomer hv bound a t  independent equivalent multiple 
sites, all equally linked to the association. For this case, the 
linkage expression for the combined ligand-mediated and 
ligand-facilitated reaction can be written out as, properly 
taking statistical factors into account (Klotz, 1953) 

n! ki k,"-'[X] "-I 
' = I  [ ( n  - i ) ! ] ( i ! )  

l + k  n! k3'[X] I 

- 

r = ~  [ ( n  - i)!](i!) 

where i is the number of ligand molecules bound to any species 
and n = rAv. The corresponding expressions for the inde- 
pendent ligand-mediated and ligand-facilitated pathways are 
obtained from eq 10 by eliminating the second or the third 
term on the right-hand side, respectively. It is evident that 
in each case, the slope of the In K vs. In [XI plot is always less 
than rAv. It can approach rAv for the independent pathways 
only a t  extremes of ligand concentration. 

Analysis of the Linkage between Vinblastine Binding and 
Tubulin Se[fAssociation. The data of Figure 1 and Table 
I were analyzed in terms of the linkage functions described 
in the previous section in order to elucidate the exact stoi- 
chiometry and the linkage mechanism between the vinblastine 
binding and the tubulin self-association. A plot of In KzaPP as 
a function of In [XI shown in Figure 3A indicates that the 
equilibrium constant increases with increasing In [XI. The 
slope between each two consecutive points decreases gradually 
with increasing In [XI, from 0.95 between 1 X 10" and 5 X 

and 5 X M 
vinblastine. The gradual attainment of a plateau in the de- 

M vinblastine to 0.07 between 2 X 
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FIGURE 3: Wyman plot of the experimental apparent dimerization 
constants for the vinblastine-induced self-association of tubulin and 
their least-squares fittings by different reaction mechanisms. The 
experimental results are depicted by the open circles. (A) Least- 
squares fittings by mechanisms l a  (-) and IC (-). (B) Least-squares 
fittings by mechanism 2a at  [vinblastine] 2 1 X lod M (-) and at  
[vinblastine] 1 2.5 X M (e-) and mechanism 2b (-.-). The 
intrinsic equilibrium constants derived from these fittings, together 
with the sum of the squares of the deviation, are shown in Table 11. 
The dashed lines in (B) are the Wyman plots for self-association via 
a cross-linking mechanism as described by eq 15 and 16 in the text. 
The intrinsic equilibrium constants, k , ,  used in this case are (1) 1 
X lo4, (2) 1 X IO5, and (3) 5 X IO5 M-’. 

pendence of the apparent association constants on free vin- 
blastine concentration indicates that the ligand-mediated 
pathway is kinetically open and probably predominates in this 
process, although the ligand-facilitated mechanism cannot be 
fully excluded. As a result, in fitting the experimental data, 
we used only the ligand-mediated and the combined mediated 
plus facilitated mechanisms of association. Since each tubulin 
dimer has two vinblastine binding sites, it is possible that the 
self-association is linked to the binding of either one or two 
vinblastine molecules. Let us consider these in turn. 

(1) Vinblastine Stoichiometry = 1. This mechanism re- 
quires the binding of one vinblastine molecule for the formation 
(ligand-mediated mechanism) or stabilization (ligand-facili- 
tated mechanism) of each intertubulin bond. ( l a )  In this 
variation of the mechanism, only one vinblastine binding site 
is pertinent to the self-association; Le., the binding of vin- 
blastine to the second site is unaffected by the self-association 
state of the macromolecule and its binding constant remains 
equal to that of the monomer. For this stoichiometry, as- 
suming a ligand-mediated pathway and taking account of the 
possible ways of forming any given bond through introduction 
of proper statistical factors, the reaction equilibria, the ap- 

Table 11: Least-Squares Fitting of the Linkage by Different 
Reaction Models 
mech- 
anism k ,  (Limo11 k, (Lirnol) k ,  (L/mol) k ,  (L/mol) SSDO 

l a  1 . 8 x  IO4 1 . 8 ~  IO5 0.06 
I b  9.OX lo3 1.8X 10’ 0.06 
I C  1 . 8 ~  io4 1 . 8 ~  105 L O X  io7  1.6 x 101 0.06 
2a 3.1 X l o 4  1.7 x l o 5  0 . 0 9  

9 . o x  io4 1.2 x 105 1.22d 
2b 3.1 x io4 1.7 x 105 2.6 x 105 2 . 4 ~  103 0.46 

6.1 x io4 1.3 x 105 0.28c 

Sum of square of deviation. Fitted with data where [vin- 
blastine] > 2.5 X M. Fitted with data where [vinblast- 
ine] > 5.0 X Fitted with data where [vinblastine] 2 
1.0 X M. 

M. 

parent association constant, and the linkage can be expressed 
by pathway I of eq 11: 

pa lhway  I 

2T 4- 2X & TX -t T I +  X & 2TX 1 
‘1 I (11) 

I 
pathway II t 

The least-squares fitting by the above mechanism of the ap- 
parent association constants from Table I is shown by the solid 
line in Figure 3A. It is evident that the calculated curve fits 
the data quite well over the entire range of vinblastine con- 
centration. The intrinsic reaction equilibrium constants derived 
from this fitting, together with the sum of the squares of 
deviations found, are listed in Table I1 under mechanism la.  

(1 b) A second variation of this mechanism is one in which 
the two vinblastine binding sites on each tubulin dimer are 
equivalent. The binding of one vinblastine molecule to any 
one of the two sites enables the protein to self-associate; i.e., 
the binding of the second vinblastine molecule to a tubulin 
dimer does not enhance any further the intrinsic self-associ- 
ation constant of the protein. This mechanism results in a 
linkage relation identical with that of mechanism l a  (eq 13), 
except that the intrinsic ligand binding constant, kl, will have 
a value equal to one-half of that found in mechanism l a  due 
to the doubling of the number of ligand binding sites that can 
induce self-association and the resulting statistical factor in 
the equilibrium relation (eq 12). 

(IC) For the combined mediated plus facilitated mechanism 
of self-association, both paths of eq 11 must be considered. 
Since klk2 = 2k3k4, the apparent association constant becomes 

K2aPP = - 

(1 + kl[XI)* 

IT21 + P2XI + [T2X21 - 
([TI + [TXI)* 

1 + k3[X1(1 + 2kl[X1) - klk,[Xl(1 + 2k,[X1) + - 
2(1 + kl[XI)* 

k4 

(14) 

where the first term is identical with the apparent association 
constant shown in eq 12. The data of Figure 1 and Table I 
were fitted to the above equation, and the results are shown 

k4 
(1 + k l [ x n 2  
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by the dotted line in Figure 3A. This curve was obtained by 
using the same values of k ,  and k2 as for the solid line but 
varying the value of k4.  It is evident that the right-hand half 
of the curve which is determined largely by the equilibrium 
constants k ,  and k2 is essentially identical with that predicted 
by the ligand-mediated mechanism. Introducing the facilitated 
p a t h w q  only lifts t h e l d ~ h a n d ~  portion of the mr’ve until it 
levels off gradually at In k4. instead of decreasing continuously 
with decreasing ligand concentration. This effect is evident 
from eq 14, where the second term becomes significant only 
for [X] << kl-’ .  The results of these fittings show that the 
ligand-facilitated pathway of tubulin self-association cannot 
be ruled out, although the value of k4 cannot be greater than 
1.9 X lo3 M-’, above which significant deviations from the 
data appear. 

( 2 )  Vinblastine Stoichiometry = 2.  The reaction mecha- 
nisms for this stoichiometry have been described above in the 
general discussion of linkage. For the ligand-mediated path- 
way, described by eq 4 and 5 ,  the solid line in Figure 3B 
represents its least-squares fitting to the experimental data. 
This mechanism does not lead to a good fitting of the ex- 
perimental points, since it predicts a slope of 2 at low ligand 
concentration, whereas the experimental data approach a slope 
of 1. Since the apparent association constant obtained at 
higher vinblastine concentrations has a smaller relative ex- 
perimental error, these points should be given greater weight. 
However, a fitting to these points alone, shown by the dotted 
line of Figure 3B, resulted in good agreement only with the 
points at higher vinblastine concentrations but in substantial 
deviations from experimental data at low ligand concentrations. 
Use of the ligand-mediated plus -facilitated mechanism, de- 
scribed by eq 8 and 9, lifts up the left-hand portion of the 
Wyman plot, resulting in the much better fit shown by the 
do tdash  line of Figure 3B and the parameters listed in Table 
11 under mechanism 2B. 

( 3 )  Cross-Linking Mechanism of SelfAssociation. In this 
self-association mechanism, the vinblastine molecules serve 
essentially as cross-linkers between two tubulin dimers by 
binding to both protein molecules. On the assumption that 
all the ligand-macrmolecule interactions are equivalent with 
an association constant equal to k l ,  the reactions, equilibrium 
constants, and linkage can be expressed as 

k 
T + X & T X  

TX + T & TXT 
k 

k 
T X  + X & XTX 

XTX + T 2 XTXT 

XTXT + x & XTXTX 

k 

k 
( 1 5 )  

This mechanism predicts a decrease of the apparent association 
constant a t  ligand concentrations [XI > l / k l .  The experi- 
mental values of KZaPP, however, are still increasing at (2-5) 
X M vinblastine, essentially eliminating this mechanism. 
This fit is well demonstrated by the three dashed lines of Figure 
3B, calculated for k ,  values of 1 X I O 4 ,  1 X lo5, and 5 X 10’ 
M-’ . 

i 

FIGURE 4: Calculated Scatchard plots of ligand binding coupled to 
protein self-association according to various association mechanisms 
and using the least-squares fitted intrinsic equilibrium constants found 
in the tubulin-vinblastine system. (A) Linked binding site = 1; 
unlinked binding site = 1. The dashed lines were calculated for 
mechanism l a  with k ,  = 1.8 X lo4 M-’ and k2 = 1.8 X lo5 M-’. The 
total protein concentrations are 0, 1 .O, 2.0, and 4.0 mg/mL, as marked 
on the figure. The solid lines were calculated for mechanism I b where 
k ,  = 9 X lo3 M-’, k2 = 1.8 X lo5 M-’? and the protein concentrations 
are 0, 1 .O, 2.0, and 4.0 mg/mL. The binding data of vinblastine to 
tubulin, reported by Lee et al. (1975), are shown by the open circles. 
(B) Linked ligand binding sites = 2. Calculated accordin to the 

= 1.7 X IO5 M-’. The total protein concentrations are 0, 1 .O, 4.0, 
and 8.0 mg/mL, as marked on the figure. For a more detailed 
description of the mechanism and calculations, see the text. 

linkage equation of mechanism 2a with k l  = 3.1 X IO4 M- F and k 2  

Calculation of the Apparent Binding Curves of Vinblastine. 
The binding isotherms of vinblastine to tubulin predicted by 
the different pathways described above were calculated for an 
isodesmic, indefinite ligand-mediated self-association in order 
to differentiate further between the various self-association 
mechanisms. They are presented in parts A and B of Figure 
4 in the format of “Scatchard plots” (Scatchard, 1949). 

For an association reaction described by a particular linkage 
relation and a given free ligand concentration, the concen- 
tration of the monomer and all polymeric species at any total 
protein concentration can be calculated from the intrinsic 
association constants of Table I1 by using eq 3-6 of the pre- 
ceding paper (Na & Timasheff, 1980). On the assumption 
of a ligand-mediated association mechanism, all tubulin 
molecules in the polymeric species will have their linked vin- 
blastine binding sites occupied. Binding of the vinblastine to 
those sites not linked to the self-association should be equiv- 
alent to vinblastine binding to dimers and can be calculated 
by using the intrinsic binding constant. Figure 4A displays 
the calculated binding isotherms for different total protein 
concentrations for a vinblastine stoichiometry of 1 in the 
self-association, according to mechanisms l a  and 1 b. The 
resulting curves are presented by the solid and dashed lines, 
respectively. Equation 12 was used for calculating KZaPP, and 
the concentration of bound ligand was calculated from 

where C, is the weight concentration of the ith polymer, M 
is the molecular weight of the tubulin dimer, CtOtal is the total 
protein weight concentration, k l  is the intrinsic ligand binding 
constant to tubulin dimers, and [X,] is the concentration of 
free ligand. In this equation, the first term on the right-hand 
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Table 111: Temperature Dependence and Thermodynamic 
Parameters of the Vinblastine-Induced Tubulin Self-Association 
in PG, pH 7.P 

temp (K) fitted Klapp (Lirnol) 

283.16 3.5 x io4 
293.16 5.4 x 104 
298.16 6.4 x 104 
303.16 9.1 x 104 
AGO = -7.0 kcal/mol at 20 "C 

AHo = +4.0 kcal/molb 
AS" = +38 eu 

AHapp = +8.0 kcal/mol at [vinblast@e] = 5 X M 

Studied at a constant vinblastine concentration of 5 X 10.' M. 
Calculated according to ea 20. 

side represents the binding to sites involved in self-association 
within polymers, the second term takes into account terminal 
sites on oligomers from monomer through all polymers, and 
the third term corresponds to the liganding of the self-asso- 
ciation independent site. At finite protein concentrations, the 
resulting binding curves show a slight upward curvature, which 
increases with increasing total protein concentration. 

The binding isotherms for a vinblastine stoichiometry of 2 
in the self-association of tubulin are shown in Figure 4B. By 
use of the intrinsic association constants of mechanism 2a in 
Table 11, the apparent association constants were calculated 
according to eq 4. The concentration of bound ligand was 
obtained according to 

The two terms on the right-hand side of the equation corre- 
spond respectively to the binding of ligand to sites involved 
in polymerization and the terminal sites on all species. The 
resulting apparent binding curves at  a finite protein concen- 
tration depart even more drastically from the intrinsic one than 
when the stoichiometry is 1. In fact, they pass through a 
maximum near x = 0.5, falling back toward the intrinsic 
binding isotherm as free ligand decreases further. 

The data on the binding of vinblastine to tubulin previously 
reported from our laboratory (Lee et al., 1975) under identical 
conditions with the present studies, except that the temperature 
was 25 OC instead of 20 OC, are shown by the open circles of 
Figure 4A. They seem to fit best the calculated curve for 
mechanism lb, although the scatter of points makes it difficult 
to exclude mechanism la .  On the other hand, these points 
certainly do not conform to the self-association mechanism 
involving two vinblastine molecules per tubulin-tubulin contact, 
permitting the elimination of that mechanism from consid- 
eration. 

Temperature Dependence of the Selj-Association. The 
dependence of the vinblastine-induced self-association of tu- 
bulin on solution temperature was studied from 10 to 30 OC. 
Tubulin was equilibrated with 5 X M vinblastine in PG 
buffer a t  the desired temperature. The protein was then 
centrifuged at  the same temperature and its weight-average 
sedimentation coefficient determined through numerical in- 
tegration as described in the preceding paper. The data were 
corrected to obtain S20,w. Figure 5 shows the dependence of 
S20,w on the total protein concentration at  10, 20, 25, and 30 
O C .  Again, at all four temperatures studied, the experimental 
data appear to be well fitted by the S20,w curve calculated for 
the isodesmic, indefinite self-association model, as shown by 
the solid lines in the same figure. Table I11 presents the 
apparent dimerization constants at these temperatures obtained 
through the above curve fitting. The self-association is en- 

l5 t 

3 3  3 4  3 5  
I I T x l O '  

I I I I 
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FIGURE 5: Weight-average sedimentation coefficients of tubulin as 
a function of temperature. Tubulin samples were equilibrated with 
5 X M vinblastine-PG buffer at constant temperature as described 
under Materials and Methods; 0.5-mL aliquots were collected from 
the Sephadex G-25 column and centrifuged at  the same temperature 
as used in equilibrating the protein. The weight-average sedimentation 
coefficients obtained were corrected to obtain Sz0,+,. Solid lines represent 
least-squares fitting of the experimental data by the isodesmic, in- 
definite self-association model. The temperatures are (0) IO, (A) 
20, (0) 25, and (m) 30 O C .  The inset is the van't Hoff plot of the 
apparent self-association constants obtained from the above fittings. 

hanced by an increase in temperature. A van't Hoff plot of 
the data is shown in the inset of Figure 5. A linear least- 
squares fitting of the points gave an apparent standard en- 
thalpy change of + K O  kcal/mol for the association reaction 
in the presence of 5 X 

By adoption of the mechanism for the vinblastine-induced 
tubulin self-association described by eq 12, the apparent en- 
thalpy change is 

M free vinblastine. 

a In KzaPP 
AHZaPP= [ ] = AHo2 + 

a(1 / i7  P,a, 

1 + 3k][X] 
l ( 1  + k,[X])(l  + 2k,[X]) (20) 

AHo 

where AHol and AHo2 are the van't Hoff standard enthalpy 
changes for the ligand-binding and the self-association reac- 
tions, respectively. In calculating AHoZ with eq 20, Mol can 
be approximated by 5.8 kcal/mol (Lee et al., 1975). This value 
was determined at  a tubulin concentration of less than 0.6 
mg/mL, where the degree of self-association is low and its 
contribution should be small. Setting the free ligand con- 
centration, [XI, equal to 5 X M in eq 20, Mo2 is found 
to be +4.0 kcal/mol. The temperature dependence of the 
self-association and the derived thermodynamic parameters 
are summarized in Table 111, which shows that the self-as- 
sociation is driven by a positive entropy change of 38 eu, 
suggesting that hydrophobic and/or electrostatic forces are 
involved in the intertubulin interactions (Timasheff, 1973). 

Discussion 
The results described above demonstrate clearly the linkage 

between vinblastine binding and tubulin self-association. 
Analysis of the sedimentation velocity patterns as a function 
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species, without any regard for any other linked reactions, will 
be a function of the pathway of the reaction and, thus, can 
be used as a test of the validity of various mechanisms 

The slope of the Wyrnan plot shown in Figure 3 suggests 
a stoichiometry of one vinblastine molecule bound to tubulin 
during the formation of each intertubulin bond. Actual data 
fittings, listed in Table 11, however, show that a ligand stoi- 
chiometry of 2. in a combined mediated plus facilitated 
mechanism. alro fits the data reasonably well. In the region 
of low ligand activity, a definite divergence appears between 
the linkages which correspond to these two stoichiometries, 
with the data favoring the one vinblastine molecule coupling. 
This difference, however, becomes significant only under 
conditions where the tubulin self-association is very weak and 
the experimental errors are large, rendering any unequivocal 
choice perilous. It would appear more cautious, therefore. to 
take the slope of the Wyman plot only as a lower limit for the 
stoichiometry of the ligand binding which accompanizs the 
self-association of the protein. 

An alternate and complementary way of looking at ligand 
stoichiometry is afforded by an examination of the ligand 
binding under different association conditions. This approach 
has the advantages that accurate binding data can be obtained 
over a wide ligand concentration range and that measurements 
of ligand binding do not involve any- assumptions concerning 
macromolecule hydrodynamic properties as is required in 
deducing an apparent association constant in a polymerization 
reaction through velocity sedimentation studies. The choice 
between stoichiometries, however, still requires comparison 
with theoretical curves calculated for the various case5. Such 
theoretical curves have been calculated for mechanisms 1 a ,  
lb ,  and 2a of Table 11, and they are shown in parts .4 and B 
of Figure 4 in the form of Scatchard plots. It is evident that 
stoichiometries of one and two ligand molecules bound per 
addition of tubulin dimer to the growing polymer result in 
binding curves with drastically different characters, as has been 
shown previously by C a m  gi Hinman (1976). Linkage of 
protein self-association with the binding of two ligand mole- 
cules leads to a maximum in the Scatchard plot at 0.5. 
Since such a maximum was not observed in the binding data 
reported previously from this laboratory (Lee et al., 1975) (see 
Figure 4A), the stoichiometry of 2 can be reasonably rejected 
and it seems most likely that the tubulin self-association is 
induced by the binding of one vinblastine n~olecule per dimer. 
In this regard, it is interesting to note that thc paracrystalline 
aggregates of tubulin induced by vinblastine in vivo contain 
approximately one vinblastine molecule bound per tubulin 
dimer (Bryan, 1972). This result has been confirmed by 
Wilson et al. (19x9, who have demonstrated furthermore that 
the isolated tubulin paracrystalline aggregates, if incubated 
with vinblastine in vitrc, can bind one vinblastine molecule per 
tubulin dimer in addition to that bound in situ. 

If it is true that the self-association is induced by the binding 
of one vinblastine molecuie per tubulin dime,r, what is the role 
of the second vinblastine bound? As shown above, two al- 
ternatives are possible: either the second binding site is com- 
pletely independent of the self-association or it is equivalent 
to the first one, so that the binding of one vinblastine molecule 
to any one of these two sites can induce the protein to self- 
associate. As shown in Table 11, these two possibilities result 
in equally good linkages with identical protein association 
constants and ligand binding constants differing by a factor 
of 2, Comparison of the binding data of Lee et al. (1975) with 
the binding curves calculated from these two association 
mechanisms, shown in Figure 4.4, favors mechanism lb ,  i.e., 

of both protein and ligand concentration has permitted us to 
gain some insight into the mechanism and stoichiometry of 
the self-association. The linkage function, however, is 
mechanism dependent as shown by the analysis of two simple 
reaction pathways, namely, the ligand-mediated and ligand- 
facilitated self-associations. 

'The ligand-mediated and ligand-facilitated mechanisms of 
macromolecular self-association are usually not easy to dis- 
tinguish. Knowledge that the self-association can proceed in 
the absence of the ligand but that it is enhanced by addition 
of the ligand is a good indication that the ligand-facilitated 
mechanism of self-association is operative. On the other hand, 
the inability to demonstrate self-association in the absence of 
the ligand does not necessarily exclude this mechanism, since 
the association equilibrium could be so weak in the absence 
of the ligand as to be undetectable by the available techniques. 
Although the three reaction paths shown in parts A and B of 
Figure 2 do exhibit different functional linkages of their ap- 
parent association constants with the ligand activity, such fits 
cannot be used to differentiate between them unequivocally, 
since accurate association constants can be obtained over only 
a very limited concentration range. Thus, while a monotone 
increase in the apparent association constant with increasing 
ligand activity suggests a ligand-facilitated mechanism and 
a similar monotone decrease in the apparent association con- 
stant with decreasing ligand activity suggests a ligand-mediated 
mechanism, with no apparent tendency of leveling off in either 
case, it is not possible to exclude the parallel existence of a 
strong ligand-mediated association in the first case and of a 
weak ligand-facilitated association in the second case. 

I n  the vinblastine-induced self-association of tubulin? the 
apparent association constant reaches a plateau at high vin- 
blastine concentration but decreases continuously at low ligand 
concentrations. These results definitely establish the operation 
of a ligand-mediated mechanism but cannot exclude the si- 
multaneous participation of the ligand-facilitated pathway, 
with extremely weak self-association in the absence of the 
ligand and very strong binding of the ligand to polymerized 
tubulin. Since for the overall reaction the net free energy 
change between the reactants and product is independent of 
the reaction mechanism, the final selection of the reaction 
pathway must depend on the kinetics of the reaction. If the 
reaction rate through one pathway is very slow relative to the 
length of the experiment, its intermediates would never ac- 
cumulate in any significant amount and it would have the 
appearance of being closed. Tai & Kegeles (1975) have used 
such kinetic studies to demonstrate that the Ca2'-induced 
hexanier-dodecamer association of lobster hemocyanin pro- 
ceeds through a ligand-mediated and not a ligand-facilitated 
or mediated plus facilitated mechanism. In the present paper, 
we have demonstrated that analysis in terms of thermodynamic 
linkage can be used to eliminate some reaction mechanisms. 
I t  should be emphasized, however, that just as in any other 
mechanistic study, the number of the mechanisms that can 
be proposed is essentially unlimited. Comparison of experi- 
mental data with theoretical curves calculated on the basis of 
various proposed mechanisms can be used only to eliminate 
a mechanism but will never result in unequivocal proof tha: 
a given mechanism is the correct one for the system under 
examination. However, while a true equilibrium constant, Le., 
the equilibrium constant between two thermodynamically 
defined states, is totally independent of the reaction pathway, 
an apparent equilibrium constant, which for a self-association 
reaction is simply the ratio of the total concentration of the 
associated species to the total concentration of the unassociated 
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RGGRE 6 Bimodal sedimentation boundary of tubulin and vinblastine 
concentration distribution across the boundary. Tubulin was 
equilibrated with 1 X M vinblastincPG buffer. An aliquot from 
the equilibrating mlumn, wntaining 16.6 mg/mL tubulin, was cen- 
trifuged at 60000 m in a double-sector cell with the reference sector 

was taken at a 65O bar angle 80 min after reaching speed. The dotted 
line depicts the photoelectric scan at 320 nm obtained simultaneously 
with the Schlieren picture. 

two binding sites equally effective in inducing self-association, 
since the data were obtained a t  total protein concentrations 
above 2 mg/mL and the fit is best with the curves calculated 
for this mechanism at 2 and 4 mg/mL protein. 

This mechanism was supported by one further piece of 
evidence, namely, the scanner tracings in the velocity sedi- 
mentation of tubulin in the presence of vinblastine. In these 
experiments, the vinblastine concentration distribution across 
the ultracentrifuge cell was determined by monitoring the 
solution absorption at 320 nm which arises exclusively from 
the vinblastine molecule. Tubulin was equilibrated with 1 X 

M vinblastine in PG buffer and then centrifuged against 
the same vinblastine-PG buffer in the reference sector. The 
resulting Schlieren pattern and the optical absorption at 320 
nm are shown in Figure 6. It is seen that in the supernatant 
region, which is depleted of protein, the solution absorbance 
at 320 nm is slightly lower than that of the equilibrating buffer, 
indicating that vinblastine has been depleted from the su- 
pernatant due to the differential transport of the tubulin 
monomers and polymers (Na & Timasbeff, 1980). As sedi- 
mentation proceeds, the peak resolves into a bimodal pattern 
and the total vinblastine concentration in the region of the slow 
moving peak is essentially identical with that in the superna- 
tant. Now, prior to the resolution of the boundary, the tubulin 
molecules in the slow moving peak were simply those which 
were unassociated in the equilibrium mixture of the original 
unresolved reaction boundary and which have lagged behind 
because of their slower sedimentation rate. Were the binding 
of vinblastine to one of the two sites independent of the 
self-association reaction, one would expect to observe some 
extra vinblastine bound to tubulin in the slow moving peak 
and hence a higher total absorbance at 320 nm for this region 
than that found in the supernatant solvent depleted of protein. 
These observations suggest, therefore, that the binding of one 
vinblastine molecule to any one of the two binding sites on each 
tubulin dimer can induce the protein to enter into the polym- 
erization reaction and to sediment more rapidly. This argu- 
ment is only qualitative. Its verification has been undertaken 
through a quantitative computer simulation study of ligand 
distribution across the bimodal sedimentation boundaries for 
the different reaction mechanisms, now in progress in our 
laboratory. 

filled with 1 X IV 'p M vinblastine-PG buffer. The Schlieren picture 
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The vinblastine cross-linking mechanism of tubulin self- 
association was considered since it is consistent with several 
of the observations. First, it requires that each tubulin dimer 
should possess two vinblastine binding sites, while in the highly 
polymerized state the vinblastine/tubulin ratio should approach 
I. This corresponds exactly to what is found in the vinblas- 
tine-induced tubulin paracrystalline aggregates (Bryan, 1972; 
Wilson et al., 1978). Further, the molecular structure of the 
vinblastine molecule itself is suggestive of this mechanism. 
Vinblastine is a dialkaloid composed of a vindoline and a 
catharanthine molecule, linked together by a single bond. I t  
would seem quite possible, therefore, that the vindoline portion 
of the molecule could bind to the first site of one tubulin dimer, 
whereas the catharanthine portion of the molecule binds to 
the second site of another tubulin dimer, forming a cross- 
linking bridge. Such a mechanism is compatible with the 
observation of Ventilla et al. (1975) that the replacement of 
vinblastine with equimolar quantities of vindoline and ca- 
tharanthine abolished the ability of the alkaloid to induce 
tubulin self-association. In spite of these favorable consid- 
erations, it is highly unlikely that the cross-linking mechanism 
is operative in this system, since the data cannot be fitted 
reasonably in terms of this mechanism as described by eq 15 
and 16. The first disagreement is found in the comparison 
between the experimental and calculated linkages of the a p  
parent association constant. As shown in Figure 3B, the ex- 
perimentally determined apparent self-association constants 
increase continuously with increasing vinblastine concentration, 
while the same parameter calculated in terms of the cross- 
linking mechanism should reach a maximum a t  [XI = I l k i  
and then decrease with a further increase in ligand concen- 
tration because of the competition of vinblastine for the 
available binding sites on the protein. As a result, ligand 
cross-linked macromolecules should approach the unassociated 
state at high concentrations of the ligand (Pichol & Winzor, 
1976). This is contrary to observation. The second dis- 
agreement was found in the absolute value of the self-asso- 
ciation constant. According to eq 16 and 17, the protein 
self-association constant in a cross-linking reaction should be 
either weaker than or of the same order of magnitude as that 
of the ligand binding constant. Our result that the apparent 
self-association constant is 1 order of magnitude higher than 
the ligand binding constant suggests further that the self-as- 
sociation of tubulin induced by vinblastine is not a simple 
cross-linking reaction by a divalent ligand, as had been found, 
for example, for the mercuric chloride induced association of 
mercaptalbumin (Edelhoch et al., 1953). It is worth men- 
tioning here that Wilson et al. (1978) have shown that the sea 
urchin egg tubulin-vinblastine paracrystals did not dissociate 
on binding one vinblastine molecule per tubulin dimer in ad- 
dition to the one found within the aggregates in situ, suggesting 
that these aggregates, as well, are not held together through 
simple vinblastine cross-links. 

Finally, one should consider the discrepancy between the 
vinblastine binding constants reported from different labora- 
tories (Lee et al., 1975; Wilson et al., 1975; Bhattacharyya 
& Wolff, 1976). A possible explanation may be found in the 
different experimental conditions used. The tubulins used had 
been isolated from different animals, using different purifi- 
cation procedures, and the vinblastine bindings were monitored 
by different techniques. One factor, however, which had not 
been considered in any of these studies is the self-association 
of tubulin in the presence of vinblastine and the necessary 
consequence that the binding constants observed are average 
values of binding to all protein species, both monomers and 



1364 B I O C H E M I S T R Y  

polymers, in the solution. We have reexamined the vinblastine 
binding of calf brain tubulin in PG buffer previously reported 
from this laboratory (Lee et al., 1975) and have found these 
results to conform to the apparent vinblastine binding calcu- 
lated when tubulin self-association is taken into account. In 
a similar examination of the vinblastine binding data reported 
by Wilson et al. (1975) and by Bhattacharyya & Wolff (1976), 
we noticed an important difference in the composition of the 
experimental media used. Namely, while Lee et al. (1975) 
had worked in PG buffer without any magnesium ions, the 
buffers used by Wilson et al. (1975) and Bhattacharyya & 
Wolff (1976) contained 5 and 10 mM Mg2+, respectively. 
Magnesium ions, however, are known to enhance strongly the 
vinblastine-induced self-association of tubulin (Weisenberg & 
Timasheff, 1970). In our ultracentrifugation study, we noticed 
also that the protein, when equilibrated in  PG-10 mM 
MgCI2-5 X lo-* M vinblastine, sedimented completely to the 
bottom of the cell before reaching 40000 rpm, indicating that 
essentially all of the protein was in a highly aggregated form. 
More recently, Wilson et al. (1 978) have found that the vin- 
blastine-induced tubulin paracrystalline aggregates isolated 
from sea urchin eggs require the presence of Mgz+ ions in the 
buffer in order to prevent them from redissolving, pointing 
again to a cooperative role of Mg2+ in the vinblastine-induced 
aggregation of tubulin. 

While the exact mechanism and thermodynamic parameters 
of tubulin self-association in the simultaneous presence of Mgz+ 
and vinblastine are unknown at present, we have calculated 
the effect of an enhanced self-association on the apparent 
binding constant of vinblastine, making the simple assumptions 
that (1) Mg2+ enhances the self-association constant of tubulin 
in the presence of vinblastine without affecting the vinblastine 
binding to tubulin dimers and that ( 2 )  the self-association 
induced by the binding of one vinblastine molecule per dimer 
still proceeds through an iscdesmic, indefinite mechanism. The 
calculated binding curves with k l  = 1.8 X lo4 M-' and in- 
creasing k2 are depicted in Figure 7. It is striking that the 
obtained Scatchard plots have the typical appearance of those 
normally attributed to two sites with different binding con- 
stants. Comparison of these curves with the tubulin-vin- 
blastine binding data of Wilson et al. (1975) and of Bhatta- 
charyya & Wolff (1976), plotted on the same figure, shows 
some similarities between the calculated binding curves and 
the experimental ones. In the calculated binding curves, al- 
though we have assumed that the two vinblastine binding sites 
per tubulin dimer have identical binding constants of 1.8 X 
lo4 M-', the apparent binding for the first site appears to be 
much stronger, reflecting the linkage between the binding of 
the first vinblastine to the self-association. On the other hand, 
binding of vinblastine to the second site is not affected by the 
self-association in our model, and i t  manifests itself as an 
apparently weaker site in the calculated Scatchard plots. In 
this manner, apparent binding constants for the first site of 
the order of lo6 and lo5 M-' can be obtained by choosing 
intrinsic self-association constants equal to 5.3 X lo7 and 1.4 
X I O 7  M-', respectively. It seems, therefore, that the mag- 
nitude of the apparent binding constants reported by the three 
laboratories correlates well with the Mgz+ concentrations used 
in the individual studies. Some differences do exist between 
the calculated and the experimental bindings. For example, 
the vinblastine binding data of Wilson et al. (1975) fall on a 
straight line in their Scatchard plot, whereas the best-fitted 
calculated binding isotherm is curved. This could be due either 
to uncertainty in the experimental data or to imperfections 
in the reaction mechanism assumed in our calculation. What 
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FIGURE 7: Comparison of theoretical ligand bindings calculated for 
a ligand-induced self-associating system with literature data on the 
binding of vinblastine to tubulin. The curves were calculated with 
the linkage equation for mechanism la  of Table I1 by using kl = 1.8 
X lo4 M-' for both ligand binding sites and different values of k2: 
(-) 1.4 X lo7 and ( - - - )  5.3 X lo7 M-'. Total protein concentration 
was 1 mg/mL. For a more detailed description of the mechanism 
and calculation, see the text. The literature data on the binding of 
vinblastine to tubulin are from (0) Wilson et al. (1975) and (0) 
Bhattacharyya & Wolff (1976). 

is certain at this point, however, is that Mg2+ ions do enhance 
strongly the vinblastine-induced tubulin self-association, and 
apparent binding constants obtained through standard plots 
must necessarily appear to be higher than the intrinsic binding 
constant of ligand to monomer. Therefore, extreme caution 
must be exerted in correlating apparent binding constants with 
phenomena dependent on the binding, such as the inhibition 
of microtubule assembly and the induction of tubulin self- 
association. Noticing that tubulin self-association becomes 
prominent at M vinblastine, Le., a t  a molarity identical 
with the apparent dissociation constant of the weak binding 
site, Bhattacharyya & Wolff (1976) have proposed that the 
self-association of tubulin is induced by the binding of vin- 
blastine to this weak binding site. However, the buffer which 
they had used in the binding and the self-association studies 
contained 10 and 0.5 mM MgC12, respectively. Had they used 
10 mM Mg2+ throughout, they should have detected the ag- 
gregation of tubulin at a much lower concentration of vin- 
blastine. Their second suggestion that the inhibition of mi- 
crotubule assembly at vinblastine concentrations of l 0-6 M 
is caused by the binding of vinblastine to the "high-affinity" 
site is probably also fortuitous. As pointed out by Wilson et 
al. ( 1  9 7 9 ,  in vitro microtubule assembly can be inhibited by 
substoichiometric amounts of vinblastine through a poisoning 
mechanism. This has been confirmed by Himes et al. (1976) 
and observed in our laboratory (G. C. Na & S .  N. Timasheff, 
unpublished experiments). Consequently, both on thermo- 
dynamic and experimental grounds it becomes meaningless 
to make simple correlations between the apparent binding site 
dissociation constant and the free vinblastine concentration 
needed to inhibit in vitro microtubule assembly. 



T U B U L I N  S E L F - A S S O C I A T I O N  

The inhibition of microtubule assembly at a vinblastine 
concentration of M can be easily reconciled with an in- 
trinsic ligand dissociation constant of 5 X M, if one 
remains cognizant of magnitudes that free energy linkages may 
assume. Thus, while the affinity of vinblastine toward the two 
binding sites is weak, it can be greatly enhanced by a favorable 
standard free energy change in the linked macromolecular 
self-association reaction. In other words, were the assembling 
end of a microtubule to have a stronger affinity toward a 
vinblastine-liganded tubulin dimer than to a free one, the 
standard free energy available for holding the vinblastine at 
the growing end of a microtubule would be much more neg- 
ative than that normally available for binding the ligand to 
free tubulin dimers. As a result, inhibition of microtubule 
growth could be complete at ligand concentrations much below 
the dissociation constant of vinblastine from tubulin dimers. 
This analysis makes it possible to understand thermodynam- 
ically the “poisoning mechanism” of the vinblastine inhibition 
of microtubule assembly, proposed by Wilson et al. (1975, 
1976), if one makes only one further assumption. Namely, 
the insertion of a vinblastine-liganded tubulin dimer at the 
growing end of a microtubule must inhibit the addition of 
further tubulin dimers in the proper geometric order. It is quite 
evident, then, that inhibition of microtubule assembly by 
vinblastine at a concentration below M and at  a total 
amount substoichiometric to tubulin is fully permitted ther- 
modynamically, even though the intrinsic binding constant of 
vinblastine to a tubulin dimer is only of the order of lo4 M-I. 
The existence of such a complex linkage is currently under 
scrutiny in our laboratory. 
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