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Effect of Colchicine Analogues on the Dissociation of cup Tubulin into Subunits: 
The Locus of Colchicine Binding? 
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ABSTRACT: A combination of ligand binding and sedimentation equilibrium studies was used to characterize 
the thermodynamic linkages between aP tubulin association, nucleotide binding, and the interaction of 
colchicine analogues with dimeric and dissociated tubulins. The strength of binding of allocolchicine to 
the tubulin dimer was identical (8 X IO5 M-I) whether the exchangeable nucleotide site (E  site) was occupied 
by GTP or GDP. This drug bound to dimeric (aP) tubulin and to one of the monomeric subunits, and the 
binding affinity for the dissociated state was linked to occupancy of the exchangeable nucleotide site. When 
the exchangeable site was occupied by GTP, the drug bound with very similar affinities to the dimeric and 
dissociated states of the protein. For tubulin-GDP, the binding of the drug to the dissociated state was 
significantly weaker (6.3 X IO4 M-l) than to the dimeric state, suggesting the existence of an E-site-related 
conformational change in the dissociated state. Podophyllotoxin, which contains the A-ring portion of 
colchicine, bound with equal affinity to the dimeric and dissociated forms of both tubulin-GTP and tubulin- 
GDP, indicating that it is the C-ring portion of colchicine that is linked to the E-site-related conformational 
change. Given that the nonexchangeable nucleotide site does not exchange with free nucleotide following 
dimer dissociation [Shearwin, K. E., Perez-Ramirez, B., & Timasheff, S. N. (1994) (preceding paper in 
this issue)], the colchicine binding site and the exchangeable site must be located on the same subunit; this 
is the P subunit [Geahlen, R. L., & Haley, B. E. (1977) Proc. Natl. Acad. Sci. U.S.A. 74, 437543771.  
Examination of the free energy linkages between drug binding and tubulin dimer dissociation shows that 
the a subunit can contribute at  most 10% of the free energy of binding of the drug to the dimer. It is 
proposed that the positioning of colchicine on the P subunit of tubulin is such that ring A is juxtaposed to 
the cr-P subunit interface. 

In the preceding paper in this issue (Shearwin et al., 1994), 
it was shown that ap tubulin association is linked to the binding 
of Mg2+ ions. The observed effect is stronger on tubulin- 
GDPl than tubulin-GTP. In the absence of magnesium, the 
stability of both ap dimers was found to be identical and it 
was concluded that tubulin-GTP and tubulin-GDP exist in 
the same conformation in magnesium-free solution. 

Colchicine, an antimitotic drug, and its structural analogues 
(Chart I) are known to influence the self-assembly behavior 
of tubulin. For example, under conditions in which tubulin 
assembles into microtubules, the tubulin*olchicine complex 
polymerizes into anomalous structures, such as spirals and 
aggregated protofilaments (Saltarelli & Pantaloni, 1982; 
Andreu & Timasheff, 1982b). In contrast, formation of 
another self-assembly product of tubulin, 4 2 s  double rings, 
is almost unaffected by this drug (Shearwin & Timasheff, 
1992). Colchicine binding also induces in tubulin a GTPase 
activity (David-Pfeuty et al., 1977; Andreu & Timasheff, 
198 1). Furthermore, studies on the dissociation of a@ tubulin- 
GTP in the presence of colchicine have led to the conclusion 
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that the binding of this drug stabilizes the dimeric structure 
(Detrich et al., 1982; Mejillano & Himes, 1989; Panda et al., 
1992). 

Given the wide range of effects of these ligands on the 
conformation and the polymerization properties of the a@ 
dimer, it seemed of interest to investigate in greater depth 
their effects by examining the linkages between their binding, 
the occupancy of the E site, and the association of the a and 
@ subunits. Furthermore, careful examination of the ther- 
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modynamic linkages between the binding of colchicine-like 
ligands and tubulin a0 association should permit identification 
of the subunit (a or 0) on which the colchicine binding site 
is located. 
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protein was noted and the values, practically negligible, were 
subtracted from further measurements. Values of maximum 
fluorescence were calculated via the procedure of Shanley et 
al. (1985). Briefly, the total ligand concentration was used 
as a first estimate of free ligand concentration and (fluores- 
cence (F)/free ligand) was plotted versus F. The abscissa 
intercept then gives a first estimate of Fmax. Free ligand 
concentrations are then recalculated and the plot is repeated 
until no change is found in values of free ligand concentration. 
This procedure does away with the need to titrate a fixed 
amount of ligand with increasing amounts of protein and hence 
removes the uncertainty involved in the resulting double- 
reciprocal (1 /F  vs l/[protein]) plot. 

The excitation and emission wavelengths used were 3 15 
and 390 nm for ALLO, 315 and 373 nm for TCB, and 350 
and 423 nm for MTC. Slit widths were 5 and 10 mm for 
excitation and emission, respectively. The kinetics of ALLO 
binding were followed fluorometrically, the data (approxi- 
mately 1000 points) being acquired directly by a personal 
computer. Data were fitted, via a nonlinear least-squares 
procedure, to the equation for a double exponential 

F, = ~ ( 1 -  e+,) + ~ ( 1  - + c (3) 
where F, is the fluorescence at time t ,  A and B are the 
amplitudes of the two phases, kl and k2 are the rate constants, 
and C is an integration constant. 

RESULTS 

Effect of Colchicine and Its Analogues on the ab Asso- 
ciation. A sedimentation equilibrium study was carried out 
of the effect of colchicine (COL), its reversibly binding 
analogue allocolchicine (ALLO), and a number of two-ring 
analogues (MTC, TCB, and TKB). The bulk of the study 
concentrated on ALLO, since its binding is reversible and it 
has favorable fluorescence and binding affinity characteristics 
for the present analysis. Values of the apparent dimerization 
constants, KaflaPP, calculated from the sedimentation equi- 
librium data are listed in column 4 of Table I. A full description 
of these interactions, however, requires that all species be 
taken into account and that the analysis be carried out in 
terms of the complete thermodynamic box (Scheme I). In 
this scheme it is assumed that the drug (S) can bind to the 
dimer (aP) and to only one of the dissociated monomers and 
that both liganded and unliganded protein can participate in 
the association-dissociation reaction. Such a system, in which 
self-association is linked to ligand binding, can be examined 
quantitatively in two ways-(i) the effect of drugs on the ab 
dissociation (horizontal equilibria in Scheme I) and (ii) the 
effect of dissociation on the binding of the drug (vertical 
equilibria)-yet it must be kept in mind that the two processes 
are linked. 

Dissociation Study. Let us consider first the approach 
which distinguishes species on the criterion of molecular weight 
only. Application of Scheme I to eq 1 gives for the measured 
dimerization constant 

MATERIALS AND METHODS 

The purification of tubulin and preparation of samples were 
performed as described in the preceding paper (Shearwin et 
al., 1994). Colchicine was from Aldrich Chemical Co. 
Allocolchicine (ALLO), TKB, TCB, and MTC were syn- 
thesized by Dr. M. J. Gorbunoff, as described elsewhere 
(Medrano et al., 1991). The tubulin-colchicine complex was 
prepared by incubation of the protein with an excess of 
colchicine for 10 min at 20 OC (Andreu & Timasheff, 1982b). 

Ultracentrifugation. All sedimentation equilibrium ex- 
periments were carried out as before in a buffer consisting of 
0.01 M sodium phosphate, 0.1 mM EDTA, and 10 pM 
nucleotide, pH 7.0, supplemented with the drug of interest. 
The data were analyzed by the methods described in the 
preceding paper (Shearwin et al., 1994). 

In the absence of drug, the association constant, defined as 
Kap = [aP]/[a][P], could be set numerically to [CYP]/([P])~, 
since [a] = [PI. In the presence of a drug however, the 
association constant, K,B, which must be defined again as 
[dimers] /   monomer^]^ is only an apparent quantity, K,B~PP. 
Assuming that only one subunit binds the ligand and assigning 
this arbitrarily to the subunit,2 gives [a] = [PI + [PSI and 

Introducing this into the sedimentation equilibrium equation 
(see preceding paper) gives 

In each experiment, the data obtained from scans of three 
cells, each of which contained a different initial protein 
concentration (0.1-0.35 mg/mL), were fitted simultaneously, 
as described in the preceding paper (Shearwin et al., 1994). 

Ligand Concentrations. The concentrations of colchicine 
and its analogues were determined spectrophotometrically 
using the following extinction coefficients: colchicine, 15 950 
M-l cm-l at 353 nm; ALLO, 11 860 M-l cm-l at 288 nm and 
4680 M-l cm-l at 3 15 nm; TCB, 12 100 M-l cm-l at 284 nm; 
TKB, 14 400 M-l cm-l at 295 nm; MTC, 17 600 M-l cm-l 
at 343 nm. For sedimentation equilibrium experiments, free 
drug concentrations were limited by drug solubility and by 
the maximum absorbance which could be compensated for by 
the ultracentrifuge optical system. 

Ligand Binding. The binding of drugs to tubulin was 
followed fluorometrically in a Perkin-Elmer 650-40 spec- 
trofluorometer. Temperature was controlled by a circulating 
water bath. Varying amounts of drug were added to a fixed 
concentration of protein, the samples were incubated at the 
required temperature for 1 h, and the fluorescence intensity 
was recorded. Narrow path length cells (10 X 2 mm) were 
used, with the shorter path length oriented in the excitation 
beam in order to minimize the inner filter effect. The 
fluorescence intensity of ligand solutions in the absence of 

It is immaterial which subunit is assumed as binding the drug, since 
the two are stoichiometrically identical. 

Equation 4 shows that if K,B, the dimerization constant in 
the absence of ligand, and Ka@, the binding constant to the 
dimeric protein are known, the sedimentation equilibrium 
results can yield Km, the binding constant to the tubulin 
subunit. 

All previous studies of the strength of binding of colchicine 
analogues to tubulin had been performed only on tubulin 
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Table I: Binding Constants for Tubulin-Drug Interactions Deduced from Sedimentation Equilibrium 

nucleotide drug concn (pM) KQePPP (M-I) Kae"'I& Kam (M-') Km (M-'1 
GTP 9.6 X lo6 (-9.02)" 
GDP 1.2 x 107 (-9.15) 

GTP ALLO 8.1 7.5 X lo6 (-8.91) 0.78 8 X lo5 1.0 x 106 (-7.77) 
5.6 x 105 (-7.45) 

GTP ALLO 16 3.9 X lo6 (-8.53) 0.41 8 X lo5 (-7.65)' 2.0 X lo6 (-8.12)" 

GTP ALLO 5.6 1.3 X lo7 (-9.20) 1.35 8 X lo5 
GDP ALLO 27.4 9.6 X lo7 (-10.34) 8.00 8 X 105 6.8 X lo4 (-6.26) 
GDP ALLO 16 9.4 X lo7 (-10.33) 7.80 8 X lo5 4.8 X lo4 (-6.07) 
GDP ALLO 5.8 3.9 x 107 (-9.83) 3.25 8 X 105 1.3 X lo5 (-6.61) 
GTP MTC 14.7 1.1 x 107 (-9.14) 1.15 5.2 X lo5 (-7.40)b 4.4 X lo5 (-7.32) 
GDP MTC 14.2 6.6 X lo7 (-10.10) 5.50 
GTP TCB 23.3 6.4 X lo6 (-8.81) 0.67 1.3 X lo5 (-6.63)h 2.2 X l o 5  (-6.91) 
GDP TCB 25.6 1.7 X lo7 (-9.36) 1.42 1.3 x 105 8.0 X 104 (-6.35) 

5.2 x 105 3.7 x 104 (-5.92) 

GTP TKB 15 3.3 X lo6 (-8.45) 0.34 1.6 x 105 (-6.74)~ 6.0 x 105 (-7.49) 
GDP TKB 15 1.7 X lo6 (-9.36) 1.42 1.6 x 105 9.3 x 104 (-6.44) 

GTP PODO 53.7 4.8 x 107 (-9.95) 5.00 5 X lo5 (-7.38)s 8.5 x 104 (-6.39) 
GDP PODO 56.8 5.1 X lo7 (-9.98) 4.25 5 x 105 1.0 x 105 (-6.49) 

GTP colchicine e 2.1 x 107 (-9.48) 2.19 -2.7 X lo7 (-9.63)d 1.2 X lo7 (-9.19y 
GDP colchicine 3.8 X lo7 (-9.82) 3.17 -2.7 x 107 8.5 X 106 (-8.98y 

ONumbersinparenthesesare thefreeenergyvaluesinkilocaloriespermole. Andreuet al. (1984). e Medranoetal. (1991). Diaz & Andreu (1991). 
CPrepared as the tubulin<olchicine complex, ICalculated from equation 7. Cortese et al. (1977). It Medrano et al. (1989). 
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FIGURE 1: Binding study to determine the affinity (K,m) of ALLO 
for dimeric tubulin-GTP (open symbols) and dimeric tubulin-GDP 
(solid symbols), presented as a Scatchard plot. Binding was measured 
by fluorescence titration at 25 O C .  The protein concentration was 
6 pM in each case. 

Scheme I 

- a + B S  .-. a B S  

containing GTP at the E site (Medrano et al., 1989, 1991; 
Hastie, 1989). Since the dissociation studies were done on 
tubulin in both states of E-site occupancy, experiments were 
carried out to determine whether the nucleotide that occupies 
the exchangeable site affects the affinity of tubulin for the 
drugs. The binding of ALLO to tubulin-GTP and tubulin- 
GDP was measured, therefore, by following the change in 
ligand fluorescence intensity upon binding to tubulin under 
conditions where the protein exists predominantly as the a$ 
heterodimer (25 OC, 6 KM tubulin). The results are shown 
in Figure 1 in the form of a Scatchard plot. Identical binding 
constants (K,gs = 8.0 X IO5 M-l) were obtained for tubulin- 
GTP and tubulin-GDP, demonstrating that the E-site nu- 
cleotide does not affect the interaction of ALLO with dimeric 
(q3) tubulin. This result is consistent with the conclusion of 
the preceding paper (Shearwin et al., 1994) that tubulin-GTP 
and tubulin-GDPexist in thesame conformation in the absence 
of magnesium. 

The nature of the dependencies of K a g a p p  on the free 
concentration of the drug [SI, predicted by eq 4, was calculated 

KaPP 

KUb 

e 1 

1 
o 5 1 0  15  20 25 30 

Free drug concen t ra t i on  ( p M )  

FIGURE 2: Effect of free drug concentration on the association of the 
CY and subunits of tubulin. The ratio of the apparent association 
constant in the presence of ligand to the intrinsic association constant, 
obtained in the absence of ligand (KQpP/KQe) ,  was calculated as a 
function of free ligand concentration for various values of Km, 
according to eq 4. K a  was fixed at 8 X IO5 M-I, the binding constant 
for the interaction of ALLO with dimeric tubulin. The values of Km 
used were (a) 0, (b) 1 X IO4, (c) 5 X lo4, (d) 1 X 105, (e) 5 X 105, 
and (F) 8 X lo5. The symbols represent the results of sedimentation 
equilibrium experiments performed on tubulin-GTP (0) or tubulin- 
GDP (.), in the presence of known free concentrations of ALLO. 
Experiments were carried out in 0.01 M sodium phosphate, 0.1 mM 
EDTA, and 10 pM nucleotide, pH 7.0 at 10.0 OC. 

for the various possible relations between K,gaPP and Kag, Le., 
between the apparent association constant obtained in the 
presence of various patterns of drug binding and the intrinsic 
association constant obtained in its absence. In this calculation, 
K,a was set at  9.6 X lo6 M-l [the value obtained for tubulin- 
GTP; see preceding paper (Shearwin et al., 1994)], K,m at 
8 X lo5 M-* (the value for ALLO binding to dimeric tubulin), 
and the ratio K,gaPP/Kag was calculated over a range of Kgs 
values (strength of binding of drug to monomer). The 
dependencies for three cases are shown in Figure 2. Curve 
a corresponds to the limiting case in which the drug does not 
bind to monomer, i.e., Kgs = 0. Equation 4, then, reduces to 

and K,paPP/K,g increases linearly with increasing drug con- 
centration. If the tubulin monomer and dimer were to bind 
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the drug with equal affinity, then 
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1 .o 
A I  

0.81 t 
for all concentrations of the drug (curve 0. The results 
expected for the situation where the drug binds to the 
monomeric protein but with a lower affinity than to thedimeric 
protein (Kgs < K,gs) are shown for various values of Kgs by 
curves b-e. 

The points on Figure 2 are the experimental results obtained 
in the presence of known free concentrations of ALLO for 
tubulin-GTP (open circles) and for tubulin-GDP (solid circles). 
It is evident that, for tubulin-GDP, dissociation of the protein 
lowers theaffinity. Solution of eq4 with thesevaluesof KapaPP/ 
K,b and K a p  fixed at 8 X lo5 M-l and K,B set to its 
experimental value [see preceding paper (Shearwin & Ti- 
masheff, 1993)] yielded mean values of Kgs = 1.0 X lo6 M-l 
(AGO = -7.77 kcal/mol) for tubulin-GTP and 7.3 X lo4 M-l 
(AGO = -6.3 1 kcal/mol) for tubulin-GDP (final column, Table 
I). These results show that the binding affinities of ALLO 
to monomeric (a + 0) and dimeric (aP) tubulins-GTP are 
approximately equal. In the case of tubulin-GDP, however, 
the affinity of ALLO for the protein subunit is ca. 14 times 
lower than its affinity for the dimeric a0 species. Hence, 
there is essentially a 1 order of magnitude difference in the 
binding affinities of this drug for the two forms of monomeric 
tubulin. Similar results were obtained for the other reversibly 
binding colchicine analogues that contain both rings A and 
C (or C'), for which it was assumed, by analogy with ALLO, 
that K,gs is equal for tubulin-GTP and tubulin-GDP. The 
results are listed in Table I. For each of the compounds 
examined, the affinity of the drug for the monomeric species 
was lower for tubulin-GDP than for tubulin-GTP. On the 
other hand, podophyllotoxin, which contains only the tri- 
methoxyphenyl moiety (ring A) of colchicine, bound with 
equal affinity to the GTP and GDP forms of tubulin in the 
dissociated state, but the binding to the dissociated form was 
weaker than that to the dimer. In the case of colchicine, 
precise quantitation of the binding affinitiesvia eq 4 is difficult, 
since the kinetics of colchicine binding are very slow (Garland, 
1978) and the free concentration of drug cannot be defined 
accurately. Therefore, samples were prepared as the stable 
tubulin+olchicine complex in which the binding sites are 
saturated. The apparent association constant obtained in 
sedimentation equilibrium studies then is Ka,$, i.e., the constant 
of the fully liganded species (Scheme I). It follows that 

(7) 

Using this relation, the values of KasS determined for the 
colchicine-tubulin-GTP and -GDP, and the binding constant 
(K,gs) deduced by Diaz and Andreu (1991), values of Kps 
were obtained for tubulin-GTP and for tubulin-GDP. There- 
fore, just as the analogues, colchicine binds to the dissociated 
form of tubulin with a 2-3-fold lower affinity than to the 
dimeric species, a result consistent with the conclusion of 
Detrich et al. (1982) that colchicine binding stabilizes the ab 
dimer. 

Binding Study. Having obtained estimates of the relative 
binding affinities of several colchicine analogues for the two 
association states of tubulin in the two occupancies of the E 
site, let us turn now to the examination of the second approach, 
that of the interaction through measurements of binding. This 
distinguishes species only on the criterion of liganding and is 
blind to molecular weight changes. For a system described 
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FIGURE 3: Scatchard plots expected for binding studies performed 
on the system shown in Scheme I. The forms of the Scatchard plots 
were calculated by substituting values of the various binding constants 
into eq 8. K.0 was fixed at  9.6 X lo6 M-' (the association constant 
for tubulin-GTP) in each case. Solid lines represent the result when 
the total protein concentration (CT) = 10 pM, dashed lines represent 
CT = 1 pM, and dotted lines represent CT = 0.1 pM. The magnitudes 
of the ligand binding constants for each plot are (A) K,BS = 8 X lo5, 
Kgs = 0; (B) Kam = 8 X los, Km = 1 X lo5; (C) K 6  = Kp = 8 X 
105; and (D) K,p  = 1 X lo5, Km = 1 X lo6 M-I. 

by Scheme I, the binding isotherm, expressed as extent of 
liganding, r,  is defined as follows (the derivation is given in 
the Appendix): 

r = tKgs[PI [SI + K,gsK,i3[P12[sl(1 + Kgs[SI)I/ 
tKap[Pl2(1 + Kgs[SI) + K,gsK,~[Bl2[S1(1 + Kgs[SI) + 

Kgs[Pl[SI + [PI) (8) 
where [PI is the concentration of the B subunit, [SI is the 
concentration of the ligand, and the various equilibrium 
constants are defined by Scheme I (see also Appendix). This 
relation permits construction of Scatchard (1949) plots for 
various combinations of Kgs, K,gs, K,B, CT, and [SI. It should 
be noted that the right-hand side of eq 8 contains a term in 
total protein concentration (CT) (see eq A4b). The Scatchard 
plots, therefore, can be expected to be dependent on protein 
concentration. Figure 3 shows theoretical plots, based on eq 
8, expected for various combinations of ligand binding 
constants and protein concentrations. In each case the 
dimerization constant in the absence of drug (Kap) was again 
fixed at 9.6 X lo6 M-l, the value obtained experimentally for 
tubulin-GTP at pH 7.0. In Figures 3A-C, Kags was set at 8 
X lo5 M-l, the binding constant of ALLO to tubulin-GTP. 
Four basic cases were treated. In case I the monomer does 
not bind the ligand ( K ~ s  = 0, Figure 3A). The very slightly 
curvilinear Scatchard plots exhibit a marked protein con- 
centration dependence; they are very slightly curvilinear and 
the slope increases with increasing protein concentration. In 
case 11, the tubulin monomer binds the ligand with a lower 
affinity than the dimer (Kw < K,gs, Figure 3B). The slightly 
curvilinear Scatchard plots have a protein concentration 
dependence similar to that of case I. In case 111, the monomer 
and dimer bind the ligand with equal affinity (Figure 3C). 
Concentration dependence is abolished and all points fall on 
the same straight line. The slope in this case is equal to K p  
(=K,ps). In case IV, the monomer binds the ligand more 
strongly than does the dimer (K,m < Kgs). The slightly 
curvilinear plots (Figure 3D) are again concentration- 
dependent, but the order is reversed from cases I and 11, Le., 
as the protein concentration is increased, the apparent slope 
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FIGURE 4: Scatchard plots of the binding of ALLO to (A) tubulin- 
GTP and (B) tubulin-GDP at 10 O C .  Data were obtained by 
measuring the increase in fluorescence emission intensity of the ligand 
upon binding to tubulin, following a l-h incubation. Protein 
concentrations were (A) 0.054 p M  (O), 0.54 pM (0), and 4.83 pM 
(B) and (B) 0.050 pM (O), 0.503 pM (0), and 4.89 pM (0). The 
lines represent the apparent slope only. 

of the Scatchard plot decreases. Comparison of cases I and 
I1 (Figure 3A,B) shows that this technique is relatively 
insensitive to changes in Kgs when Kgs is small (<lo5). 
Furthermore, for the three cases which exhibit curvilinearity, 
the deviations from linearity are so small that, given exper- 
imental uncertainty, they would be undetectable. 

Figure 4 presents the results of binding measurements of 
ALLO to tubulin, carried out by fluorescence titration at 10 
OC. Protein concentrations were in the range 0.05-4.9 pM. 
It was assumed that the quantum yields of the tubulinarug 
interaction are identical for the four protein species involved 
(dimeric and dissociated tubulin-GTP and tubulin-GDP). The 
results for both tubulin-GTP (Figure 4A) and tubulin-GDP 
(Figure 4B) display an obvious dependence upon tubulin 
concentration. The apparent slopes of the Scatchard plots 
increase with an increase in tubulin concentration. Hence, 
by the prediction of Figure 3B, Kgs < K,ps. Values of Kgs 
and Kags were obtained by analyzing the data in Figure 4 in 
terms of eq 8. All the data for a given nucleotide state of 
tubulin were fitted globally to eq 8 by nonlinear least squares, 
using the values of K,b given earlier. The results are listed 
in Table 11. Their comparison with those deduced from 
sedimentation equilibrium shows substantial agreement be- 
tween the thermodynamic parameters of tubulin-ALL0 
interaction obtained from the examination by independent 
means of the two aspects of the thermodynamic box (Scheme 
I), namely, protein self-association and ligand binding. 

Other Results. None of the other systems examined by 
ultracentrifugation could be subjected to binding studies: 
colchicine because of its very slow binding kinetics (Garland, 
1978; Diaz et al., 1991) and TKB and MTC because they do 
not exhibit sufficient fluorescence intensity to permit accurate 
quantitation of their binding at low protein concentrations. 
For TCB, because of its relatively weak binding, fluorescence 
titration data could not be obtained with sufficient precision 
to determine meaningful values of Kgs from the fitting 
procedure. 

In the above studies, dissociation of ab tubulin could be 
detected only if the experiments were performed at low 
temperature (10 "C). Since the binding of ALLO is slow 
(Medrano et al., 1989; Hastie, 1989), an incubation period 
of 1 h was required to ensure attainment of equilibrium. If 
this incubation was carried out at 25 OC, no concentration 
dependence of binding was observed, and the binding constant 
was always on the order of 8 X lo5 M-* for tubulin-GTP and 
tubulin-GDP both. Correspondingly, essentially no dissoci- 
ation into monomers could be detected by sedimentation 
equilibrium at 25 OC. 

In order to see if the time course of ligand binding was 
affected by the state of a@ tubulin association or the nature 
of the nucleotide that occupies the exchangeable site, the 
kinetics of binding of the slowly interacting drug ALLO were 
followed at 10 OC by monitoring the increase in fluorescence 
emission intensity. In agreement with previous results 
(Medrano et al., 1989; Hastie, 1989), the kinetic curves were 
best fit as the sum of two exponentials, where the magnitude 
of the slow phase was small compared to that of the fast phase. 
Only the results for the fast phase are presented. The apparent 
first-order rate constant was obtained a t  several drug con- 
centrations for tubulin-GTP (Figure 5A) and tubulin-GDP 
(Figure 5B) at 10 OC. The slopes of the plots, which give the 
apparent second-order rate constant, were identical, within 
experimental error, for tubulin-GTP (125 f 4 M-l s-l) and 
tubulin-GDP (134 f 5 M-l s-l). Decreasing the tubulin 
concentration from 8.7 pM (- 90% dimer) to 0.87 pM (-70% 
dimer) did not affect the rate constant for either tubulin-GTP 
or tubulin-GDP. Therefore, neither E-site occupancy nor 
dissociation of a@ tubulin affects the rate of drug binding. 

DISCUSSION 

The Colchicine Binding Site Is on the @ Subunit of Tubulin. 
The interaction of the antimitotic drug colchicine, and its 
analogues, with tubulin was studied by examining the 
thermodynamic linkages between binding of the drug and 
tubulin a@ association (Scheme I). In this model, only one 
of the subunits was considered capable of binding the drug, 
since binding stoichiometries greater than 1 have never been 
reported for the interaction of colchicine or its analogues with 
tubulin. A similar scheme had been considered by Detrich 
et al. (1982) for colchicine. The detailed studies were carried 
out with the colchicine analogue ALLO, since its binding is 
reversible and it mimics COL in all its tubulin-directed 
properties. The present study has shown that the monomeric 
form of tubulin is indeed capable of interacting with colchicine- 
like drugs. Therefore, the 2-3-fold stabilization of the .@ 
tubulin-GTP dimer by colchicine reported in other studies 
(Detrich et al., 1982; Mejillano & Himes, 1989; Panda et al., 
1992) appears to be linked to stronger binding of the drug to 
the dimeric form of the protein. 

A particularly striking result is the finding that the strength 
of the interaction of dissociated tubulin with the drug ligands 
was dependent on the nature of the nucleotide that occupies 
the nucleotide binding site. The dissociated form of tubulin- 
GTP consistently exhibited a higher affinity for the colchicine 
analogues than did the dissociated form of tubulin-GDP. There 
are two possible means by which the free energy of ligand 
binding to a tubulin subunit could be influenced by (be linked 
to) the nature of the nucleotide liganding state of tubulin. The 
first explanation is that the exchangeable nucleotide site and 
the colchicine binding site are located on the same subunit 
and that the conformational differences between the subunit 
in the GTP and GDP states are reflected in the affinity of that 
subunit for the drug. The second possibility is that, upon 
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Table 11: Comparison of Binding Constants Obtained by Analytical Ultracentrifugation and Ligand Binding 
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sedimentation equilibrium ligand binding 

nucleotide &isa Of-' ) KBS (M-9 &BS (M-') KBS (M-l) 

GTP 8.0 X lo5 (-7.65)b 1.0 x 106 (-7.77) 6.4 X lo5 (-7.52) 2.2 x 105 ( 4 . 9 2 )  
GDP 8.0 X lo5 (-7.65) 6.3 X lo4 (-6.31) 6.1 X lo5 (-7.50) 5.0 X 104 (-6.09) 

a Obtained from Figure 1. Numbers in parentheses are the corresponding free energy values in kilocalories per mole. 

A 
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FIGURE 5:  Observed first-order rate constants obtained for the fast 
phase of the binding of ALLO to tubulin, as a function of total drug 
concentration. The slopes give the apparent second-order rate 
constants. (A) Tubulin-GTP; (B) tubulin-GDP. Open symbols 
represent the results obtained with 8.7 FM tubulin, while the closed 
symbols show the results obtained with a 10-fold lower protein 
concentration. Experiments were performed at 10 OC. 

dissociation of the dimer into its subunits, the nonexchangeable 
site becomes exchangeable with free nucleotide, which in turn 
would alter the conformation of that subunit and as a 
consequence its affinity for the analogue. Results presented 
in the preceding paper (Shearwin et al., 1994) show that the 
N site remains nonexchangeable upon dimer dissociation. This 
eliminates the second possibility, leaving as the only expla- 
nation that colchicine-like ligands bind to tubulin on the subunit 
that contains the exchangeable nucleotide site. That site is 
known to be located on the B subunit (Geahlen & Haley, 
1977; Hesseetal., 1985,1987). Thismeans thatthecolchicine 
binding site must be located on the P subunit. 

Does the a Subunit Contribute to the Binding? Having 
established that colchicine and its analogues interact primarily 
with the /3 subunit, one can ask where on the subunit do the 
ligands bind and what contribution, if any, does the a subunit 
make to the liganding to dimeric tubulin? The similarities 
of the affinities of the drugs for the dimeric (a@) and dissociated 
(0) forms of GTP tubulin strongly point to the majority of the 
free energy of the interaction being contributed by the P 
subunit. A number of studies on this question however, have 
led to apparently contradictory conclusions. Genetic evidence 
in which tubulin mutants confer colchicine resistance (Sheir- 
Neiss et al., 1978; Cabral et al., 1980) suggest that the 0 
subunit is the site of colchicine binding, as does indirect 
evidence based on the reactivity of cysteine residues in ,&tubulin 
(Roach et al., 1985) and theobservation that different isotypes 
of the P subunit in the aj3 dimer lead to different kinetics of 
colchicine binding (Banerjee & Luduena, 1992). Direct 
photoaffinity labeling of tubulin with colchicine resulted in 
the bulk of the labeling occurring on the P subunit, with some 
labeling of the a subunit at  longer times, suggesting that the 
site is located near the a0 interface (Wolff et al., 1991), 
although the portion of the colchicine molecule involved was 
not clear. On the other hand, photolabeling studies involving 
colchicine derivatives with long spacer arms on ring B showed 
labeling of a-tubulin (Williams et al., 1985), while shorter 

Scheme I1 
atp* t  s KP'S + a+p*s 

spacers labeled both subunits (Floyd et al., 1989). All these 
observations can be reconciled if the ring C binding subsite 
is located completely on the subunit, while the ring A binding 
subsite is located close to, or even partially on, the a subunit. 
To probe this situation, let us consider the present results in 
terms of two possible mechanisms of drug binding and examine 
the free energy linkages for these situations: (i) the ligands 
bind to the P subunit only or (ii) the binding is at  the aP 
interface, with some contribution made by the a subunit. 
Taking the first mechanism, weakening of the binding of the 
drugs when tubulin-GDP dissociates into subunits (Table I) 
implies a linked conformational change in the /3 subunit, as 
shown in Scheme 11. The decrease of the measured binding 
constant to the P subunit requires then the altered conformation 
(p*) to have a reduced affinity for the ligand. The experi- 
mental binding constant to dissociated tubulin, Kgs, would 
then be an apparent value, such that 

For tubulin-GTP, the drugs bind with equal affinity to dimeric 
and dissociated tubulin (K,gs = Km), and so K* (and Kgs*) 
must equal zero, Le., tubulin-GTP does not exist in the P* 
conformation. I t  follows that K&PP = Kgs. In contrast, ligand 
binding to the dissociated form of tubulin-GDP is weaker 
than to the dimeric protein. Therefore, when the E site is 
occupied by GDP, dissociated tubulin must exist in an 
equilibrium between the /3 and ,f3* conformations. Provided 
that ligand binding to the P* form is weaker than to the 
conformation, the result will be a decrease in the apparent 
binding of drug to thedissociated form of tubulin-GDP. Should 
the P* state not bind drug at all (Km* = 0), it follows from 
eq 9 that KgsaPP is simply Kgs/(l + K*). In this case, using 
the values of K,~s and Kgs obtained from sedimentation 
equilibrium in the presence of ALLO (Table 11), K* = 12.7. 
Should the P* conformation of tubulin also bind the ligand 
(KBs* > 0), the value of K* will increase. Thus, for tubulin- 
GDP, at  least 90% of tubulin monomer should exist in the 8* 
form. On the basis of Scheme 11, then, the reduced affinity 
of dissociated tubulin-GDP for colchicine analogues can be 
accounted for by an E-site-induced conformational change in 
the dissociated P subunit. 

The second possible mechanism is that drug binding is at  
the a@ interface, with some interaction occurring with the a 
subunit. For a@ tubulin-GTP, the binding constants for the 
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drugs are very close to those for the binding to the dissociated 
form. This indicates that the major part of the interaction 
is with the /3 subunit. On the basis of the data of Table I, the 
maximum contribution of the a subunit of tubulin-GTP to 
the free energy of binding of the ligand would be on the order 
of -0.5 kcal/mol. The weaker binding of the drugs to 
dissociated tubulin-GDP can be accounted for only by a 
conformational change in tubulin, similar to that shown in 
Scheme 11, since the binding to the dissociated forms of tubulin 
reflects solely the contribution of the /3 subunit. Therefore, 
the a subunit can contribute at most 10% of the free energy 
of binding of the ligand, if any. 

Ring C Binding Is Linked to the E-Site-Induced Confor- 
mational Transition. How do the present results bear on the 
known binding characteristics of colchicine and its structural 
analogues? This process has been described in terms of a 
model (Andreu et al., 1991) that consists of two chemically 
different and independent subsites on tubulin: a hydrophobic 
site that binds ring A and a stacking subsite that binds ring 
C. There is no cooperativity between the two subsites and 
ring B makes no contribution other than the elimination of 
the freedom of rotation about the A-C bond. The assessment 
of the contributions of the bindings of rings A and C to the 
various association states of tubulin requires that all non- 
reaction-specific entropic terms be accounted for. This is done 
by the reduction of all standard entropy changes to unitary 
entropy (AS, = ASo - ASocratic) and the calculation of unitary 
standard free energy changes, AGO,. Since binding results in 
the loss of the statistical entropy of solution of the ligand, AS, 
is more positive than ASo by 8 entropy units and AGO, is more 
negative by 2.3 kcal/mol at 10 "C. The relative contributions 
of rings A and C to binding can then be calculated from 

AG,' = AG,O(ring A) + AG,O(ring C) (10) 
where ring C is modified in the analogues. 

A proper assignment of the free energy contributions of 
rings A and C to a/3 dissociation requires first the identification 
of the colchicine ring (A or C or both) whose interaction with 
tubulin the dissociation is influencing. The binding of 
podophyllotoxin (PODO), which contains a trimethoxyphenyl 
(A) ring, may give some insight into this question. Its 
interaction with the dissociated form of tubulin was found to 
be independent of the nucleotide at the E site, while the binding 
to the dissociated form was weaker than that to a/3 tubulin. 
This result, however, does not give direct information on the 
A ring binding linkages, since the other half of the PODO 
molecule also contributes to the binding at  a site other than 
the A or C subsites. There are at least three possible 
explanations for the observed effect of PODO on dissociation. 
The A ring moiety of the drug is known to interact with the 
A ring binding locus of tubulin (Cortese et al., 1977; Andreu 
& Timasheff, 198213). The other half of the PODO molecule 
may (i) bind to a region of ,f3 tubulin other than the A or C 
subsites, (ii) remain unbound in dissociated tubulin, or (iii) 
bind to a site on the a subunit, such that dissociated tubulin 
would exist as a mixture of /3 tubulin with podophyllotoxin 
bound by the A ring and a tubulin with the drug bound by 
its other moiety. This latter possibility should give rise to a 
binding stoichiometry to dissociated tubulin of greater than 
1. Freeenergy calculations should allow us todetermine which 
of these possibilities is the most likely. The unitary free energy 
change of PODO binding to the tubulin dimer at 10 OC is-9.7 
kcal/mol (Cortese et al., 1977). The corresponding value for 
binding to the monomer is -8.7 kcal/mol. Since the free energy 
for interaction of ring A alone, AGO, (ring A), is only -5.8 
kcal/mol (Timasheffet al., 1991), theother halfof thePODO 

Shearwin and Timasheff 

E site w 
COL site 

FIGURE 6:  Schematic structure of the tubulin afi dimer showing the 
relative positions of the dimer interface, the colchicine binding site, 
and the exchangeable nucleotide site. It must be noted that this is 
not a structural model of the protein but only a picture to clarify the 
discussion. 

molecule must make some energetic contribution ( --2.9 kcal/ 
mol) to the binding of this ligand on the p subunit. This 
eliminates mechanisms (ii) and (iii). Hence, mechanism (i) 
is the most likely one: both halves of PODO bind to the /3 
subunit. The lack of dependence of Km for PODO on the 
E-site nucleotide occupancy of tubulin, while there is a marked 
dependence for the colchicine analogues that contain ring C, 
suggests that it is the ring C interaction which is linked to the 
E-site-induced conformational change (Scheme 11). This is 
also consistent with the observation that PODO does not induce 
the GTPase activity characteristic of COL and its ring A and 
C containing analogues (David-Pfeuty et al., 1977). A rigorous 
definition of the linkages between dissociation and ring subsite 
binding would require a study of the effects of the single-ring 
analogues NAM (ring A) and TME (ring C) on ab 
dissociation. Unfortunately, the binding of these compounds 
is much too weak to have an experimentally detectable effect 
on apdissociation individually (Andreu & Timasheff, 1982a). 

Relation between COL and Nucleotide Binding Loci. What 
information can be drawn from this study on the relative 
positions of the colchicine and E-site nucleotide binding sites 
on the /3 subunit of tubulin? Comparison of the present results 
on the linkage between a/3 subunit dissociation and colchicine 
binding with the various chemical studies strongly points to 
the COL binding site being located close to the interface, 
with the ring A binding subsite being in greater proximity to 
the a subunit, if not slightly overlapping it. Fluorescence 
energy transfer studies have shown, on the other hand, that 
the high-affinity metal binding site associated with the 
exchangeable nucleotide site and the colchicine binding site 
are located at least 2.4 nm apart (Ward & Timasheff, 1988). 
Given that the tubulin dimer has dimensions of 5 X 8 nm 
(Amos, 1982), the exchangeable nucleotide sitemust belocated 
near the outer region (amino-terminal domain) of the /3 
subunit. The corresponding schematic structure is shown on 
Figure 6 .  Proteolysis studies with photoaffinity-labeled tubulin 
have shown that residues 155-174 may be involved in the 
contact with the ribose portion of the nucleotide (Hesse et al., 
1987), while residues in the region 63-77 bind the purine 
moiety (Kim et al., 1987). Both of these loci are located in 
the amino-terminal portion of /3 tubulin, which is considered 
to be distal from the intersubunit contact area (Kirchner & 
Mandelkow, 1985). This is consistent with the conclusion 
drawn from the physicochemical studies. 

The linkages described in the present study all refer to 
experiments carried out in the absence of magnesium. As 
described in the preceding paper (Shearwin et al., 1994), the 
association of the a and p subunits into the heterodimer is 
linked to the binding of two magnesium ions. Furthermore, 
the conformational state of the heterodimer is also linked to 
magnesium ion binding. In the absence of magnesium, the 
curved, or ring-forming, conformation (T*) of tubulin is 
favored, while in the presence of magnesium, for tubulin- 
GTP the equilibrium is driven toward the straight or 
microtubule-forming conformation (T). The binding of 
colchicine and its analogues described in the present study 
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refer, therefore, to the curved (T*) conformation. Exami- 
nation of drug binding in the presence of magnesium may 
reveal further linkages. For example, the drugs may bind 
with different free energies to the T and T* conformations. 
In this connection it is interesting to note the differential effects 
of colchicine on tubulin self-association. The drug has a 
significant effect on the type of polymer formed under 
microtubule-assembling conditions, that is, polymerization 
of the T conformation (Saltarelli & Pantaloni, 1982; Andreu 
& Timasheff, 1982b), which gives rise to aggregated protofil- 
aments and anomalous structures. Self-assembly of the T* 
conformation into 42s  double rings, on the other hand, is 
almost unaffected by the binding of colchicine (Shearwin & 
Timasheff, 1992). 
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APPENDIX 

Derivation of the Binding Equation. Consideration of 
Scheme I leads to the following equilibria9 

K 4  [.PSI 

[ d l  [SI 
a0 + S + aPS Kaas = - 

The binding function, r,  Le., the extent of liganding, is defined 
as 

where CT is the total protein concentration expressed as moles 
of dimer, CT = [CUB] + [CUBS] + */2[a] + ' / 2 [ P ]  + '/z[,BSl. 
However, since [a] = [PI + [PSI, algebraically CT = [aP] + 
[.PSI + [PI + [PSI, which gives 

Substitution of the appropriate equilibrium constants (eq 8) 
and rearrangement of terms leads to 
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