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ABSTRACT: The binding of the anticancer drug vinblastine to calf brain tubulin was measured by a batch
gel filtration method in PG buffer (0.01 M NaP;, 10* M GTP, pH 7.0) at three different protein con-
centrations. The Scatchard binding isotherms obtained were curvilinear. The binding of the first vinblastine
molecule to each tubulin a—8 dimer (M, 110000) was enhanced by an increase in the protein concentration.
Additional binding of vinblastine to the protein was independent of the protein concentration. Theoretical
ligand binding isotherms were calculated for a ligand-induced macromolecule self-association involving various
ligand stoichiometries and association schemes. Fitting of the experimental data to these isotherms showed
that the system can be described best by a one-ligand-induced isodesmic indefinite self-association. The
pathway giving the best fit consists of a ligand-mediated plus -facilitated self-association mechanism. The
self-association-linked bound vinblastine binds specifically at a site with an intrinsic binding constant K
=4 X 10* M~!. Additional vinblastine molecules can bind less strongly to tubulin in probably nonspecific
fashion, and the previous reports of two specific sites on a—g tubulin for binding vinblastine are incorrect.
The self-association constant K, for liganded tubulin is 1.8 X 10° ML, This analysis is fully consistent with
the conclusions derived earlier from the linked function analysis of the vinblastine-induced tubulin self-
association [Na, G. C., & Timasheff, S. N. (1980) Biochemistry 19, 1347-1354; Na, G. C., & Timasheff,

S. N. (1980) Biochemistry 19, 1355-1365].

anlastine and vincristine are two vinca alkaloids that have
been used extensively in cancer chemotherapy. Their anti-
neoplastic activity stems mainly from their ability to disrupt
cell microtubules, causing the dissolution of cell mitotic spindles
and the arrest of the cells at their metaphase. At high dosages,
these drugs can induce in cells the formation of highly ordered
tubulin paracrystalline aggregates that contain equimolar
amounts of the drug and of tubulin (Bensch & Malawista,
1968, 1969; Malawista & Sato, 1969; Bryan, 1971, 1972a,b;
Wilson et al., 1978).

In vitro studies from three independent laboratories have
resulted in a consensus that each tubulin a—3 dimer contains
two strong vinblastine binding sites (Lee et al., 1975; Wilson
et al., 1975; Bhattacharyya & Wolff, 1976). However, widely
divergent association constants, ranging from 2 X 10* M™! to
6 X 10 M}, were reported for these sites.

In PG! buffer, purified calf brain tubulin binds vinblastine
and undergoes a stepwise indefinite self-association (Weisen-
berg & Timasheff, 1970; Na & Timasheff, 1980a). Analysis
of the tubulin self-association as a function of vinblastine
concentration has shown that each step of the protein self-
association is accompanied by the binding of one vinblastine
molecule. Curve fitting analysis resulted in equilibrium con-
stants of 1.8 X 10* M! for the binding of vinblastine to tubulin
a—B dimers and 1.8 X 10° M™! for the association between two
liganded a—3 dimers (Na & Timasheff, 1980b). Most im-
portant, these studies demonstrated that the binding of vin-
blastine to tubulin and the drug-induced self-association of the
protein are two thermodynamically linked events. For such
a ligand-induced protein self-association system, there should
be a mutual dependence between the apparent strengths of
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ligand binding and of protein self-association. Consequently,
analysis of the ligand binding isotherms must take into con-
sideration the presence of the equilibrium iinkage, and it is
the failure to recognize this factor that could be the reason
for the discrepancy between the reported drug binding con-
stants. We have measured, therefore, the binding of vinblastine
to tubulin under equilibrium conditions as a function of tubulin
concentration. The results were analyzed with full cognizance
of the equilibrium linkage. Preliminary reports of this work
have been presented earlier (Na & Timasheff, 1980¢, 1981b).

MATERIALS AND METHODS

The guanosine 5’-triphosphate (GTP)! used was grade I1-S
from Sigma.?> Special ultrapure grade ammonium sulfate and
sucrose were obtained from Schwarz/Mann. Ultrapure
guanidine hydrochloride (Gdn-HCI)! was purchased from
Heico Co., and its solution was filtered through a sintered glass
funnel to remove insoluble debris before use. Bio-Gel P-100
was from Bio-Rad Laboratory and Blue Dextran 2000 was
from Pharmacia Fine Chemicals. Vinblastine sulfate was a
gift from Eli Lilly and Co., through the courtesy of Dr. K.
Gerzon. [*H]Vinblastine was purchased from Amersham
Company. All other chemicals used were reagent grade.

Preparation of Calf Brain Tubulin. Tubulin was prepared
from the brains of freshly slaughtered calves by using the
modified Weisenberg method (Weisenberg et al., 1968;
Weisenberg & Timasheff, 1970; Lee et al., 1973). The pro-
cedure was further modified by using 0.5 mM MgCl, instead
of 5 mM MgCl, throughout the preparation, and a sintered
glass funnel of coarse porosity was used in place of centrifu-
gation to separate the solution from the DEAE-Sephadex gel.

! Abbreviations: PG, 0.01 M NaP, 10*M GTP, pH 7.0; PMG, 0.01
M NaP,;, 5§ X 10 M MgCl,, 10 M GTP, pH 7.0; Gdn-HCl, guanidine
hydrochloride; GTP, guanosine 5’-triphosphate.

2 Reference to brand or firm name does not constitute endorsement
by the U.S. Department of Agriculture over others of a similar nature
not mentioned.
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The tubulin obtained was stored in 1 M sucrose-PMG buffer!
(0.01 M NaP,, 5 x 10 M MgCl,, and 10*M GTP, pH 7.0)
under liquid nitrogen until use (Frigon & Lee, 1972). Before
each experiment, the tubulin was thawed and brought to
equilibration with the experimental buffer through a batch gel
filtration step and then a column gel filtration step on Seph-
adex G-25. Between the two gel filtrations, the solution was
centrifuged at 40000g for 30 min to remove aggregates (Na
& Timasheff, 1982). The protein concentration was calculated
from its absorbance in 6 M Gdn-HCI by using an extinction
coefficient of 1.03 mL mg™! em™ at 275 nm (Na & TimashefT,
1981a).

Determination of Vinblastine Binding to Tubulin. The
binding of vinblastine to tubulin was measured by a batch gel
filtration technique (Fasella et al., 1965; Pearlman & Crépy,
1967; Hirose & Kano, 1971). Forty milligrams of the dried
gel (Bio-Gel P-100) was weighed in each 12 X 75 mm boro-
silicate culture tube. To each tube was then added 0.5-0.6
g of the experimental buffer. After tightly sealing the tubes
with parafilm, the gel was allowed to swell for 20 h at room
temperature. At the end of the swelling, 0.2 g of PG buffer
containing a known concentration of [*H]vinblastine was
added, and the gel was mixed gently. This was followed by
addition of 0.2 g of tubulin stock solution that had been
preequilibrated with PG buffer. The complete mixture was
incubated at 20 °C with gentle shaking for 1 h. After the
incubation, the gel was allowed to settle to the bottom of the
test tube, and aliquots were carefully taken from the super-
natant for liquid scintillation radioactivity counting and
measurement of tubulin concentration. Controls were treated
identically as the samples. They contained the same mixture,
except that buffer was substituted for either the protein or the
vinblastine solution. The first control gave the adsorption of
vinblastine to the gel matrix, while the second control gave
the excluded volume of the gel with respect to tubulin.
Throughout the experiment, all aliquots were measured gra-
vimetrically with a semimicroanalytical balance to obtain high
precision and accuracy. Weights of aliquots were converted
to volumes by using the density of the buffer solution which
was determined with an Anton~Parr precision densimeter. The
presence of the protein and of vinblastine had very little effect
on the solution density and was ignored in the calculations.
The internal or excluded volume of the gel was determined
by using Blue Dextran 2000. Three milliliters of Blue Dextran
2000 (0.02-0.2%) was added to each tube containing 100 mg
of the dried gel. The gel was indubated for 20 h at room
temperature. An aliquot was then taken from the supernatant
for measurement of the Blue Dextran concentration from its
UV absorbance at 260 nm. The internal volume of the gel
was also determined by using a tubulin solution and measuring
the protein concentration spectrophotometrically as described
above for the control experiments. The results obtained by
this method differed by less than 5% from the values obtained
with the Blue Dextran 2000, indicating nearly complete ex-
clusion of the protein from the internal volume of the gel.

Calculation of Vinblastine Binding to Tubulin. Assuming
complete exclusion of the Blue Dextran 2000 from the internal
phase of the gel, the internal volume per unit weight of the
gel V; can be calculated from

AfA=V/V, (1)
Vi=Ve+ ¥, )
Vi=Vi/g 3)

where A4 and A, are the absorbance at 260 nm of Blue Dextran
2000 in the stock solution and the external phase, respectively,
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FIGURE 1. Adsorption of [°H]vinblastine to Bio-Gel P-100. Bio-Gel
P-100 was swollen in PG buffer for 24 h as described under Materials
and Methods. [*H]Vinblastine was then added, and the mixture was
incubated at 20 °C for another 1 h before aliquots were removed for
radioactive scintillation counting. The calculation of vinblastine
concentrations in the internal and external phases of the gel is described
in the text. The data were fitted by least squares to two straight lines,
from 1077 to 10~° M vinblastine and from 10~° to 10~ M vinblastine.

V. is the external volume, ¥ is the internal volume, and g is
the weight of the gel. ¥; had a value of 9.16 £ 0.10 mL/g
for the Bio-Gel P-100 used. For a given sample used in the
determination of vinblastine binding, the volumes of the in-
ternal and external phases of the gel were calculated according
toeq 2 and 3. [VB,], the concentration of the ligand in the
internal phase of the gel, was calculated from

[VB] = {(VB) - [VB.]V/V, 4

where (VB) is the total amount of vinblastine added and [VB,]
is the concentration of vinblastine in the external volume. In
an ideal case, the concentration of the free ligand in the ex-
ternal phase of the gel should be equal to the concentration
of the ligand in the internal phase of the gel; i.e., the partition
coefficient of the free ligand should be equal to one. For
vinblastine, however, [VB;] was found to be different from
[VB.].

Two types of gel, Bio-Gel and Sephadex, were tested. Both
gels showed some adsorption of [*H]vinblastine in the absence
of tubulin. Bio-Gel, however, showed less adsorption than
Sephadex, possibly- due to the difference in the chemical
structures of the gel matrices. Furthermore, the adsorption
decreased with increasing porosity of the gel. Consequently,
Bio-Gel P-100, the largest pore size Bio-Gel that still excludes
tubulin, was chosen for the experiments. The adsorption of
the ligand to the gel was time-dependent. Within 1 h of
incubation, the adsorption of the drug was minimal and re-
producible. This led to the experimental protocol in which
the gel was swollen without the drug and the drug was allowed
to be in contact with the gel for only 1 h before aliquots were
removed for measurements of the binding. Figure 1 depicts
the adsorption of [*H]vinblastine to Bio-Gel P-100 in the
absence of tubulin. It is evident that above 10~ M vinblastine,
the fraction of the drug adsorbed to the gel matrix was small.
In fact, above 1 X 1073 M vinblastine the partition coefficient
of vinblastine, defined as [VB;]/[VB,], was somewhat less than
one, suggesting that vinblastine molecules cannot penetrate
some internal volume of the gel that is accessible to water
molecules. This is most likely due to the bulkiness of the drug
molecule which has a molecule weight of 960. Below 1 X 107
M, the fraction of vinblastine adsorbed to the gel became
significant, and the [VB;]/[VB,] ratio increased linearly as
a function of log [VB;]. To correct for this nonideality, which
is due either to the exclusion of the drug from some internal
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FIGURE 2: Scatchard plots of the binding of vinblastine to calf brain
tubulin in PG buffer at 20 °C. The protein concentrations were 1.6
X 1075 (O), 3.4 X 1075 (A), and 7.8 X 10° M (0). The solid curves
are least-squares fittings of the data by the theoretical binding iso-
therms calculated for the one-ligand-mediated plus -facilitated
self-association mechanism as described in the text. The intrinsic
association constants used were as follows: K, = 4 X 10* M, K,
=18X10°M K, =4 x 106M™, K, = 1.8 X 103 M, ng = 2,
and Ky = 5 X 10° M. Two additional binding isotherms were
calculated for the protein concentration of 7.8 X 107° M by using the
same values of K|, K, ny, and K, but different K3 and K§: K? =1
X 106 M and Ky = 7.2 X 103 Ml (—-=); K; = 4 X 10" M~T and
Ky = 1.8 X 102 M~! (=),

volume of the gel or to the adsorption of the drug to the gel
matrix, all data were corrected according to Figure 1 through
interpolation. By assuming that the distribution of the free
drug is unaffected by the presence of the protein, i.e., that the
concentration of the drug in the internal volume of the gel
depends only on the concentration of the free drug in the
external phase of the gel, one can obtain [VBy], the concen-
tration of the free drug in the external phase, from [VB;] by
interpolation. In this manner, the concentration of vinblastine
bound to tubulin in the external volume was calculated with

[VBy] = [VB.] - [VB{] (5)

RESULTS

Vinblastine—Tubulin Interaction. Figure 2 shows the
Scatchard plots of the binding of vinblastine to tubulin mea-
sured at three different protein concentrations by the batch
gel filtration method. The results indicate unequivocally the
presence of at least two vinblastine binding sites on the protein,
with an uncertain number of additional sites evidenced by
stoichiometries of >2 at all three protein concentrations ex-
amined. Furthermore, the points at stoichiometries of <2 do
not extrapolate clearly to two. The binding data show a strong
dependence on tubulin concentration. The isotherm obtained
at 1.6 X 10~ M tubulin was slightly curved upward. At the
higher protein concentrations of 3.4 X 107° M and 7.8 X 1073
M, the binding isotherms curved upward progressively much
more strongly. This change in the binding isotherm with an
increase in protein concentration is related only to the binding
of the first vinblastine molecule. The apparent association
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Scheme I
Pathway IT
Ky K3
A + 2X S————= XA + X AgXp
[— Pathway IIT
P Kg/2 Kg/2 Ka/2
K K N
2A + 2X =m———= | AX + A + X ==—=== 2AX >
______.I 3
N
Ke/2 Kz2/2 Ka/2
l__ Pathway IT
K3 K
A; +2X AoX + X === ApXp
Pathway IT

constant of the first site, as reflected by the intercept on the
ordinate of the plot, increased 3-fold as the protein concen-
tration was raised from 1.6 X 107 to 7.8 X 105 M. The
binding of vinblastine to the rest of the sites, however, was little
affected by the increase in tubulin concentration.

Analysis of Vinblastine-Tubulin Binding Data. The vin-
blastine~tubulin binding isotherms presented above were an-
alyzed quantitatively through fitting to theoretically calculated
isotherms. Since the results shown in Figure 2 indicated that
the binding of only the first vinblastine molecule per tubulin
«a—f dimer is significantly affected by the change in protein
concentration, the data analysis was focused on the one-lig-
and-induced self-association mechanism. For a one-ligand-
induced macromolecular self-association, one can devise es-
sentially unlimited varieties of equilibrium linkages. Here we
will concentrate on three of the simplest models that have been
examined previously in the linked function analysis of the
vinblastine-induced tubulin self-association (Na & Timasheff,
1980b). These are shown in Scheme I. In Scheme I, A and
X denote the macromonomer and the ligand, respectively. This
scheme expresses only the dimerization reaction, although the
self-association can be extended easily to higher stoichiometries
while the same ligand linkage mechanism is still maintained.
In this scheme, pathway I represents a ligand-mediated self-
association, while pathway II is the ligand-facilitated self-
association {Cann & Kegeles, 1974). The following section
presents fittings of the vinblastine-tubulin binding data by the
various theoretical isotherms. The equations used in calcu-
lating the theoretical isotherms are described in detail in the
Appendix.

(I) Ligand-Mediated Self-Association. This association
mechanism as represented by pathway I of Scheme 1 is defined
as one in which the macromonomer must first bind the ligand
before self-associating. Scatchard binding isotherms calculated
at different protein concentrations for a ligand-mediated iso-
desmic indefinite self-association using eq 7a-—9a are depicted
in Figure 3. In this calculation it was assumed that each
macromonomer carries a self-association-linked ligand binding
site. To obtain an initial estimate of the intrinsic ligand binding
constant of this site (K;), the intercepts on the ordinate of the
Scatchard plots of vinblastine~tubulin binding were obtained
from Figure 2 and plotted against the protein concentration
as shown in Figure 4. The intercept increases with increasing
protein concentration, which, according to eq 5a, indicates that
the vinblastine-induced tubulin self-association cannot be fitted
by the ligand-mediated self-association mechanism. To carry
out the calculation of the theoretical ligand binding isotherm,
the three data points of Figure 4 were extrapolated linearly
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FIGURE 3: Scatchard plots of ligand binding for a ligand-mediated
isodesmic indefinite self-association. The details of the association
scheme are described in the text. The macromolecular concentrations
used, starting from the bottom, are as follows: 1.6 X 1075, 3.4 X 1075,
and 7.8 X 10> M. The intrinsic association constants used were as
follows: K, =4 X 10*M™, K, =18 X 10°M™, ny=2,and K =
5% 10° ML,
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FIGURE 4: Dependence of the intercepts on the ordinate of the
Scatchard plots of Figure 2 on total protein concentration. The solid
line is the linear least-squares fitting of the data. Using eq 20a and
assigning noK, = 1 X 10* M7, this straight line gave K, = 4 X 10*
M™and K, + K, = 2 X 10° M., The dashed lines were calculated
with eq 19a by using the same parameters exce?t for K4, which was
given values of, from the bottom up, 2.5 X 10° M1, 5 X 10° M,
and 1 X 10* M™%,

to zero protein concentration, which gave an intercept of 5 X
10* M~ on the ordinate. Consequently, K| was given the value
of 4 x 10* M~!, and a provision was made according to eq 5a
that each macromonomer also carries two self-association-
independent sites with identical constants of 5 X 103 M™'. The
self-association constant between two liganded monomers (X,)
was assigned the value of 1.8 X 10° M1, which was obtained
from the earlier study of the vinblastine-induced tubulin
self-association (Na & Timasheff, 1980b). Since the ligand
affinities of the self-association-independent binding sites are
much weaker than that of the association-linked site, their
presence has very little effect on the left-hand portion of the
isotherm where the stoichiometry is less than 1. In that region,
the binding isotherms approach a straight line at low protein
concentration. As the protein concentration increases, however,
they become increasingly concave downward. Above 1 X 1075
M protein, a maximum appears in the isotherms between
ligand stoichiometries of 0.3 and 0.5. All binding isotherms
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FIGURE 5: Scatchard plots of ligand binding for a one-ligand-facilitated
isodesmic indefinite self-association. The details of the association
scheme are described in the text. The squares represent the same
data as in Figure 2 obtained at 1.6 X 1073 M tubulin. The macro-
molecule concentrations are 7.8 X 1075 M for curves 1 and 4, 3.4 X
1075 M for curve 2, and 1.6 X 1075 M for curves 3 and 5. For the
two sets of theoretical isotherms, the association parameters are as
follows: K3 =244 X 105M, K, =1.8 X 10> M}, ny =2, and K,
=25%X10° M7 (--);and K3 = 1.4 X 10° M, K, = 1.5 X 10° M,
ng=2,and Ky =5 X 10° M (—).

have the same intercept on the ordinate, which corresponds
to K; + ngKj, i.e., the sum of the intrinsic ligand binding
constants of all the available binding sites. ny and K are the
stoichiometry and association constant of the self-associa-
tion-independent ligand binding site (see eq 5a).

The vinblastine—-tubulin binding data, shown in Figure 2,
obviously do not display any downward curvature, which ex-
cludes the possibility that the self-association proceeds solely
through a ligand-mediated mechanism. Consequently, no
attempt was made to refine the initial approximations of the
association parameters.

(2) Ligand-Facilitated Self-Association. A ligand-facili-
tated self-association is defined as one in which the ligand binds
only to the polymers. A one-ligand-facilitated dimerization
is depicted by pathway IT of Scheme 1. Notice that the model
described by Scheme I assumes two different ligand binding
constants for the two association-linked sites on the dimer, K
and K;. We shall consider a simpler version of one-ligand-
facilitated isodesmic indefinite self-association having the same
intrinsic ligand binding constant for all the association-linked
ligand binding sites on the polymer (K;) and the same intrinsic
association constant for the self-association between unliganded
monomers (K4). Analysis of the vinblastine—tubulin binding
data by such an association scheme started with fitting the
protein concentration dependence of the intercept on the or-
dinate of the Scatchard plot (Figure 4) with eq 14a. Such a
fitting gave K;K, = 4.4 X 10° M2 and nyK, = 5 X 10* M1,
From earlier sedimentation velocity studies it is known that,
if the ligand-facilitated self-association is operative, K, must
be <1.8 X 10 M~! (Na & Timasheff, 1980b). Taking an
initial estimate of K, = 1.8 X 10° M~! gives K; = 2.44 X 106
M. Also, K = 2.5 X 10* M™! assumes that ny = 2. The
ligand binding isotherms calculated by using these association
parameters and the same macromolecule concentrations as
those used in measuring the vinblastine-tubulin bindings are
depicted by the dashed curves in Figure 5. Similar to the
ligand-mediated self-association, the binding isotherms for the
ligand-facilitated self-association are also concave downward.
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However, they do not converge at the ordinate. As the
macromolecule concentration increases, the apex of the iso-
therm gradually shifts leftward. Consequently, by increasing
the macromolecule concentration, the isotherm eventually loses
its downward curvature.

The vinblastine-tubulin binding data shown in Figure 2
obviously do not display the type of curvature predicted for
the ligand-facilitated self-association system. Two major
disagreements are evident. First, the left-hand side of the
theoretical isotherms (X < 1), which is contributed mainly by
the self-association-linked site, was too high, and it curved
downward instead of upward. Second, the right-hand side of
the isotherm (X > 1), which is contributed mainly by the
self-association-independent sites, was also too high. Fitting
of the experimental data requires that the association param-
eters be changed. The left-hand side of the theoretical iso-
therm can be lowered and made to be concave upward by
decreasing the value of K and increasing the value of K. The
right-hand side of the theoretical isotherm can be lowered by
reducing the value of K. A resulting theoretical isotherm
calculated after such changes that can fit reasonably well the
experimental data at 1.6 X 107> M tubulin is shown by curve
5 of Figure 5. However, this theoretical isotherm requires K,
= 1.5 X 10° M1, which is inconsistent with the earlier results
of the sedimentation velocity studies (Na & Timasheff, 1980b).
Moreover, as shown by curve 4 of Figure 5, the theoretical
isotherms calculated by using these association parameters do
not change much with increasing macromolecule concentration
and, consequently, cannot fit the data obtained at the two
higher tubulin concentrations. This is due to the fact that a
strong K, makes the apparent ligand binding approach the
intrinsic ligand binding (K;). In view of the overall incon-
sistency, the ligand-facilitated mechanism was rejected for the
vinblastine-induced tubulin self-association.

(3) Ligand-Mediated plus -Facilitated Self-Association.
This mechanism is defined as a combination of the above two
mechanisms; i.e., ligand can bind to both monomers and
polymers, and both liganded and unliganded monomers can
participate in the self-association reaction. A one-ligand-
mediated plus -facilitated dimerization reaction is shown by
the full Scheme 1. Pathway III permits the self-association
between a liganded and an unliganded monomer. This
pathway assumes an asymmetry in the self-association; i.e.,
when two monomers self-associate, the association constant
is dependent on the liganding state of only one of them. If
the monomer is liganded, the association constant is K,. If
it is unliganded, the association constant is K.

The theoretical binding isotherm for such an association
scheme can be calculated from either eq 16a or eq 17a. The
actual fitting of the binding isotherms was started by obtaining
a set of estimated values for the intrinsic association constants.
The dependence of the intercepts on the ordinate of the
Scatchard plots of Figure 2 on total protein concentration,
shown in Figure 4, is linear and can be fitted well by eq 20a.
According to eq 20a, in order to obtain the intrinsic association
constants from the slope and intercept on the ordinate of Figure
4, one must know the value of nyK,. From Figure 2, it is
evident that these self-association independent sites were not
saturated even at the highest drug concentration studied,
rendering it impossible to determine their exact stoichiometry
and association constant. One can, however, estimate that nyK,
=1 X 10* M~ (see Figures 3 and 5). Assuming K, =0, i.e.
that pathway II is absent, one obtains initial estimates of K|
=4 % 10*M'and K, = 2.2 X 10> M!. Introduction of these
intrinsic association constants into eq 19a gives the straight
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line shown in Figure 4, which fits the data quite well. If a
nonzero value of K, is used in eq 19a, the dependence of the
Scatchard intercept on the ordinate on total protein concen-
tration becomes curvilinear, as depicted by the dashed lines
of Figure 4.

The actual least-squares fittings of the binding of vinblastine
to tubulin, shown in Figure 2, were carried out by using the
above values as initial approximations, and the final best fitted
results are depicted by the solid lines in Figure 2. The best
fitted values for the intrinsic association constants are K, =
4 X 10*M"'and K, = 1.8 X 10° M!. The values of K3 and
K, were 4 X 105 M! and 1.8 X 10* M!. Two additional
theoretical isotherms were calculated for the total protein
concentration of 7.8 X 10 M by using the above values of
K, and K, but different values of K; and K,. They are depicted
by the dashed and dotted lines. Their purpose was to dem-
onstrate that the binding isotherm remains unchanged once
K;is >10° M. According to eq 15a and 16a, decreasing K,
to near zero and increasing K; to infinity are equivalent to
eliminating pathway II. Thus, the vinblastine binding data
of Figure 2 can be fitted best by either the combined asso-
ciation pathways I and III or pathways [-III with K, = 2 X
10° M~ and Ky = 2 X 105 M,

DiscUSSION

The present detailed study of the binding of vinblastine to
tubulin, taking cognizance of the linked protein self-association
reaction, has led to the conclusion that each tubulin o—3 dimer
has one specific vinblastine binding site, with an intrinsic
binding constant K; = 4 X 10* M~!. The binding of vinblastine
is linked to the self-association, the binding constant to po-
lymerized tubulin being K; = 4 X 105 M~!. Vinblastine can
bind to tubulin at additional sites, probably nonspecific, with
a binding constant K; < 5 X 10> M, The number of these
sites 1, is uncertain, there being a minimum of 2. The data,
however, set a limit on the product neK, at 1 X 10* M1, This
binding stoichiometry is different from the one reported pre-
viously that there are two specific vinblastine binding sites per
a—@ tubulin dimer (Wilson et al., 1975; Lee et al., 1975;
Bhattacharyya & Wolf, 1976), with essentially identical
binding constants (Lee et al., 1975; Wilson et al., 1975). This
early conclusion on the binding stoichiometry must be regarded
as incorrect and is here withdrawn by one of us (S.N.T.). The
value of the intrinsic binding constant, however, remains es-
sentially unchanged. There are two principal reasons for the
earlier incorrect conclusion concerning the stoichiometry. First,
in the study from this laboratory (Lee et al., 1975), the binding
stoichiometry was obtained from a Scatchard plot analysis of
data obtained by the Hummel-Dreyer gel filtration method.
As discussed below, this method cannot be used with systems
in which the binding is linked to self-association and is,
therefore, protein concentration dependent. Second, in the
study from this laboratory (Lee et al., 1975), the data points
stopped at a binding stoichiometry X of 1.5 mol vinblastine
per o—@ tubulin dimer, which precluded detection of binding
beyond 2 sites. Similar arguments can be applied to the data
from Wilson’s laboratory (Wilson et al., 1975). The problems
with the data of Bhattacharyya and Wolff (1976) will be
discussed in the following paper (Na & Timasheff, 1986). The
remainder of the thermodynamic analysis of the binding given
in the paper of Lee et al. (1975) remains valid since the
measurements were done by fluorescence perturbation at very
low protein concentration, where the extent of self-association
is negligible.

Multiple equilibria in a ligand-induced macromolecular
self-association system can be analyzed by two different ap-
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proaches. The first approach involves measuring at constant
ligand activity the stoichiometry and apparent association
constants of the macromolecular self-association. The apparent
association constants obtained can be analyzed further as a
function of the ligand activity in order to elucidate the
equilibrium linkage between the ligand binding and the self-
association reactions. The second approach in characterizing
a ligand-induced macromolecular self-association is through
the measurement and analysis of ligand binding isotherms at
constant concentrations of the macromolecule. Theoretical
binding isotherms can be calculated for ligand-induced mac-
romolecular self-associations (Cann & Hinman, 1976; Nichol
& Winzor, 1976; Cann, 1978). Since these exhibit different
characteristic shapes depending on the ligand stoichiometries
and the linkage mechanisms, analysis of the ligand binding
data by fitting them with theoretically calculated isotherms
can also diagnose the equilibrium linkages of the system.

These two types of studies usually utilize different experi-
mental methods, one that measures the self-association of the
macromolecules and another that determines ligand binding.
They are, therefore, independent of each other with respect
to the nonidealities present in the experimental method and
the assumptions involved in the data analysis. Consequently,
by taking the two approaches, one can gain stronger confidence
in the derived conclusions. Furthermore, these two approaches
complement each other well, and intrinsically each has its own
advantages and drawbacks. For instance, when the equilibrium
linkage is probed by analysis of the apparent self-association
constant, information is obtained only on the self-associa-
tion-linked ligand binding site(s), but nothing is learned about
the self-association independent site(s). On the other hand,
the ligand binding study provides information on all the ligand
binding site(s) on the protein, but the shape of the theoretical
ligand binding isotherm is usually not sensitive to the stoi-
chiometry of the self-association reaction (Cann & Hinman,
1976). The complementary use of these two approaches is
demonstrated in the present study, in which an isodesmic
indefinite mechanism for the self-association, which had been
deduced from earlier sedimentation velocity studies, was
adopted for the analysis of the ligand binding isotherms.

It is important to note that, while both approaches probe
the linkage mechanism, each emphasizes a specific region of
the binding isotherm. To illustrate this, let us examine the
previously reported sedimentation velocity study of the vin-
blastine-induced tubulin self-association (Na & Timasheff,
1980b), which constitutes the first type of approach described
above. In that study, the data analysis was focused on the
region where the association-linked ligand binding site was half
to fully saturated. The plateau of the self-association at
saturating ligand concentrations indicated the presence of a
ligand-mediated association mechanism. It also ruled out the
possibility that a ligand-facilitated self-association was the only
association pathway, since for this association mechanism K,
should not plateau at high ligand concentrations. A plot of
In K,?PP as a function of In [X] gave a slope of 0.95 at low
ligand concentration, indicating that each step of the self-
association is accompanied by the binding of one vinblastine
molecule. It should be noted that that study was not effective
in proving the presence or absence of a weak ligand-facilitated
self-association. One can easily detect the presence of a strong
ligand-facilitated self-association, since it causes a plateau of
the above logarithmic plot at low ligand concentrations. If
the apparent self-association constant continues to decrease
at the lowest ligand concentration studied, however, as is true
in the vinblastine-induced tubulin self-association, it is im-
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possible to rule out the presence of a weak ligand-facilitated
pathway that is beyond detection by the technique used (Na
& Timasheff, 1980b). Nevertheless, in fitting experimental
data with theoretical models, it is best to observe the rule of
choosing the simplest model that can accommodate the data.
For the vinblastine-induced tubulin self-association, the sim-
plest model that could accommodate the sedimentation velocity
data was that of an isodesmic indefinite association with the
linkage mechanism shown by pathways I and III of Scheme
I without pathway II being invoked. A fit of the experimental
data to that model gave K, = 1.8 X 10* Mland K, = 1.8 X
10° M1,

In juxtaposition to the self-association study, a probe of the
linkage mechanism through analysis of ligand binding, as was
carried out in the present study, is focused on the region where
the association-linked ligand binding site is less than half-
saturated. Itis in this region that different linkage mechanisms
manifest most pronounced differences in the shapes of their
binding isotherms. Yet, good quality ligand binding data can
be obtained still, permitting differentiation between these
linkage mechanisms. As shown in Figures 2 and 3, the upward
curvature of the vinblastine—tubulin binding data suggested
that the ligand-mediated self-association could not be the only
reaction pathway for the vinblastine-induced tubulin self-as-
sociation. The data fit by the ligand-facilitated pathway,
shown in Figure 5, was also poor. The results shown in Figures
2 and 4 demonstrated, however, that the vinblastine to tubulin
binding isotherms can be fitted quite well by the one-ligand-
induced isodesmic indefinite self-association mechanism with
an equilibrium linkage mechanism described by pathways I
and IIT of Scheme I, although the possibility of the simulta-
neous presence of pathway Il with a weak K, could not be
ruled out. This is fully consistent with the conclusions drawn
from the sedimentation velocity study of the self-association
reaction. Quantitatively, the intrinsic association constants
derived in the present binding study are similar to those ob-
tained from the self-association study, although in the present
study K, has a value of 4 X 10 M~!, which is higher than the
value of 1.8 X 10* M obtained in the sedimentation velocity
study (Na & Timasheff, 1980b). This minor discrepancy can
be attributed to the different nonidealities inherent in the
physical techniques used and the different assumptions invoked
in the data analyses. The K, values obtained from the two
approaches are identical. It should be noted that in the sed-
imentation velocity study the value of K, was obtained at
saturating ligand concentration. It should, therefore, corre-
spond to the self-association constant between two fully lig-
anded monomers. On the other hand, in the present study the
value of K, was obtained at zero ligand concentration. Ineq
18a, K, is contributed by the second term and corresponds to
twice the self-association constant between a liganded mono-
mer and an unliganded one. The factor of 2 is a statistical
one. It is interesting to note that this factor was borne out
exactly by the experimental data.

The good straight-line fit of the points of Figure 4 indicates
that K, must be small. This is consistent with the curve fitting
shown in Figure 2. The three binding isotherms calculated
for a total protein concentration of 7.8 X 1075 M demonstrate
that, for a given set of K; and K, the apparent ligand bindings
changed very little between K3 = 4 X 10% and 4 X 107 M,
This is due to the fact that, when K, < 2 X 10> M, the ligand
binding contributed by pathway II becomes insignificant
relative to the other two pathways. Consequently, the above
best fitted values of K; and K, should be taken only as lower
and upper limits. Beyond these limits, the theoretically cal-
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culated curve for Figure S becomes curvilinear and the iso-
therms calculated for Figure 2 become so concave that the
fitting starts to deteriorate.

The data of Figure 2 also showed that the binding of vin-
blastine to tubulin beyond the first binding site is not affected
by a change in protein concentration and is, thus, independent
of the self-association reaction. This is consistent with the
earlier findings that the self-association proceeds upon the
binding of one vinblastine molecule to each tubulin a—3 dimer
(Na & Timasheff, 1980b). The binding of vinblastine to these
self-association-independent sites is weak, and they do not
become saturated even at the highest drug concentration
studied. Consequently, the stoichiometry and binding constant
for these sites are only approximations. This weak binding
of vinblastine to tubulin may well be nonspecific, in view of
the fact that vinblastine interacts nonspecifically with a large
number of proteins, causing them to precipitate out of solution
(Wilson et al., 1970).

Finally, a word is needed to justify the choice of the batch
gel filtration method for the determination of the binding of
vinblastine to tubulin. This choice was dictated by two re-
quirements. First, the measurements must be conducted at
conditions of equilibrium; i.e., the binding must reflect the true
equilibrium state of the reaction. Second, in a self-associa-
tion-linked binding study the protein concentration must be
controlled precisely, so that each binding point corresponds
to an exact known protein concentration and each isotherm
is determined at a constant protein concentration. These
requirements rule out several techniques that have been used
in the past in studies of the binding of vinblastine to tubulin.
These include Hummel-Dreyer column chromatography (Lee
et al,, 1975; Wilson et al., 1975) and the use of ion-exchange
resin impregnated paper disks (Bhattacharyya & Wolff, 1976).
The Hummel-Dreyer method does measure ligand binding
under equilibrium conditions (Hummel & Dreyer, 1962), but
the results are expressed as ligand binding across the total
protein peak, instead of at a given protein concentration.
Therefore, it is not suitable for a protein concentration de-
pendent study. In the ion-exchange resin-impregnated disk
method, the disks need to be washed extensively after appli-
cation of the protein to remove the unbound ligand. For
rapidly reequilibrated association—dissociation systems, such
as the vinblastine—tubulin interaction, this leads to nonequi-
librium results.

The batch gel filtration method is, in fact, quite similar to
equilibrium dialysis, except that a porous gel is used in place
of a semipermeable membrane. Compared to equilibrium
dialysis, the batch gel filtration method requires much less
material and gives a better control of protein concentration.
However, similarly to equilibrium dialysis, it is frequently
complicated by adsorption of ligand to the gel matrix (Gellote,
1960; Johnson, 1967; Pearlman & Crépy, 1967). This makes
it necessary to correct the data by determining a complete
binding isotherm between the ligand and the gel matrix in the
absence of the protein.

APPENDIX

Calculation of Theoretical Ligand Binding Isotherms of
Ligand-Induced Self-Association Systems. For a ligand-in-
duced self-association, the binding of the ligand to the mac-
romolecule, irrespective of the reaction pathway, can be ex-
pressed in the Scatchard format as
nom
2 2 JlAX]

i=1j=1

X [X)]

X [AJIX] ~ [AJIXd]

(la)

NA AND TIMASHEFF

where [X,] and [X{] refer to the concentrations of the bound
and free ligand, respectively, [A,] is the total concentration
of the macromolecule expressed as monomers, and [A;X]] is
the concentration of the i-mer containing j bound ligand
molecules. Let us examine, in turn, the ligand binding pattern
expected for each individual association pathway expressed
in Scheme I:

(1) Ligand-Mediated Self-Association. A one-ligand-me-
diated self-association is described by pathway I of Scheme
I. If the linkage mechanism is extended to an isodesmic in-
definite one, the apparent self-association constant K,PP can
be expressed as (Na & Timasheff, 1980b)

(AXa] KX
([A] + [AXD? (1 + K\ [Xq))?

K, = (2a)

where [X] is the concentration of the free ligand and K, and
K, have the same definitions as in Scheme [. By setting j =
iand m = nin eq la, one obtains

n
_ ZIK iK i-1 A iX i-1
o DIKIKIALIX]

] - A (32)

where [A/] is the concentration of unliganded monomers. The
contribution of the self-association-independent ligand binding
sites to the total bound ligand can be expressed as, assuming
that these sites are all of equal affinity

_ K[ Xy] (A

ST TR R )

where g is the total number of such sites and K, is their ligand
binding constant. Consequently

lim (X/[X{]) = K, + noKy (5a)
[X—0

which means that the intercept on the ordinate of the
Scatchard plot is K| + nKj, regardless of the total protein
concentration used.

To calculate the actual binding isotherms from eq 3a, one
needs first to obtain [A(], the free monomer concentration.
If the self-association is an isodesmic indefinite one, the total
monomer concentration is given by (Na & Timasheff, 1980a)

QKyPP[A] + 1) -4/ 4K P[A] + 1

Al = 6a
) 2K (A e
The unliganded monomer concentration is then
A= —l (7a)
BT+ K [X)

where [A;] is the total concentration of the monomer. Given
[A, [X{], K;, and K, the values of K,*PP, [A|], and [A(] can
be calculated from eq 2a, 6a, and 7a, and the amount of bound
ligand can then be calculated from eq 3a and 4a. The sum-
mation of eq 3a proceeds through increments of 7 until a major
portion of the total protein, e.g., 99.9%, has been accounted
for. By varying [X;], the entire Scatchard binding isotherm
can be obtained.

Alternately, one can calculate the total concentration of the
i-mer according to

[Ai] = [AJ(K?PP)™! (8a)
where [A;] is the total concentration of the i-mer. For a

ligand-mediated self-association, all polymers should be fully
liganded. As a result
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K [Af][Xf] + i=Zzi[Ai] 1Ko

1 + Ky[X;]

= = 9
X ATX] 2
(2) Ligand-Facilitated Self-Association. A ligand-facili-
tated dimerization reaction is depicted by pathway II of
Schetne I. Here we consider a similar one-ligand-facilitated
isodesmic indefinite self-association having the same intrinsic
ligand binding constant for all the association-linked ligand
binding sites on the polymer (X;) and the same intrinsic as-
sociation constant for the self-association between the unli-
ganded monomers (K,). For such a self-association scheme,
the apparent self-association constant can be expressed as

[A;] + [AX] + [AX,] _
[A]?

KzaPP =
K,y + KK [X] + K32K,[X4]? (102)

The concentration of the ligand bound to the macromolecule
can be expressed as

[Xp] =
= d il . ira vt v o oKl X [Ad
LI T - i & DTIANIXY + T
(11a)

where the first term represents the ligand bound to the self-
association-linked sites and the second term represents the
ligand bound to the self-association-independent sites. Al-
ternately, the ligand bound to the macromolecule can be ex-
pressed as

= [[ANKG[X] | noKo[Xi][A(]

S ey A I A s M

where [A;] is the total concentration of the i-mer, which can
be calculated by using eq 6a, 8a, and 10a. Scatchard binding
isotherms for such a one-ligand-facilitated isodesmic indefinite
self-association system can be calculated by the same method
as described above for the ligand-mediated association systems
except that eq 10a and 12a should be used in place of eq 2a
and 3a. The data of Figure 4 were used to obtain the initial
estimates of the association parameters. According to eq 11a,
the intercept on the ordinate of the Scatchard plot for this
self-association scheme is

B i;izfxg(m/z)"-l[Af]f

Iim — = + n,K 13a
s TX] (Al oo (132)

If K, is small, at low protein concentrations, [A¢] = [A/],
and eq 13a reduces to

[)l(i]n}-o (X/[Xe]) = KKJA] + VKKE[A + ..+ noKo
f.
(14a)

(3) Ligand-Mediated plus -Facilitated Self-Association.
The entire Scheme I shows a combined ligand-mediated and
-facilitated dimerization reaction. For such a self-association,
the apparent dimerization constant can be expressed as

[Az] + [AX] + [AX)] _

([A] + [AX])?
K, + KKK [Xi] + KK [Xf) + K 2Ko[ X))

(1 + K [X])?

KPP =

(15a)

If the reaction scheme is extended to a stepwise isodesmic
indefinite self-association, the ligand bound to the macro-

molecule can be expression as

[X,] =
=i G- o
s TG = DR e/ D K /DA X) +
- i_l - 1 ! 3 s . .
QJEU—_%;!)U—_I;KH(KZ/zy(K‘t/zw—I[Af]f[xfp +
noKo[X{][A]
T+ Kolxg (6

The first term of eq 16a contains macromolecules with the
self-association-linked sites fully occupied. This is contributed
by pathway I, the ligand-mediated self-association. It also
covers polymers with a liganded monomer at the starting end
of the polymer. The second term covers polymers with an
unliganded monomer at that position. The third term is
contributed by the self-association-independent sites. An
alternate expression for the concentration of the bound ligand
in terms of the concentrations of each i-mer is

(Xs] =

i[A ] K\ [Xq] (i - DK3[X] noKo[X¢][A]
= 1+ KX 1+ K;[X(] 1 + Kq[Xq]
(17a)
According to eq 16a:
E:IKl(K:;/Z)i_l[Af]i + Ez(i = DK (K /2)(Ky4/2) Ay
Al ¥
noK, (18a)

As the ligand concentration approaches zero, [A¢]/[A] = 1,
and

lim — =
xd—0 [X]
(K, + K,) K2+ KK
k{1 + %[A‘] + —“—Z—z-"[At]2 + g+ 1K,
(19a)

Neglecting in eq 19a all terms higher than first order in [A,]
gives

¥ (K, + KJ)
lim —— = K, 1+—i2——4

xJ—=o [X{] (A + .. + noKy (20a)
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Interaction of Vinblastine with Calf Brain Tubulin: Effects of Magnesium Ions'
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ABSTRACT: The effects of magnesium ions on the binding of the anticancer drug vinblastine to calf brain
tubulin were investigated by a batch gel equilibration method. Magnesium ions at 1 mM strongly enhanced
the binding of the first vinblastine molecule to each tubulin dimer without affecting either the drug affinity
toward the rest of the binding site or the total stoichiometry of the vinblastine binding to tubulin. Sedi-
mentation velocity studies indicated that magnesium ions can enhance strongly the vinblastine-induced tubulin
self-association and suggested that the drug-induced self-association still proceeds through the isodesmic
indefinite mechanism in the presence of the divalent cation. In PG buffer (0.01 M NaP, 10 M GTP,
pH 7.0) containing more than 2.5 mM MgCl,, vinblastine induced tubulin to form large amorphous ag-
gregates. The aggregate formation was rapid and took place at a drug stoichiometry between 0.7 and 1.0
mol of vinblastine per mole of tubulin dimers. Increasing the solution ionic strength decreased the rate of
aggregate formation. Between an ionic strength of 0.05 and 0.1, the self-association led to the formation
of paracrystalline aggregates instead of the amorphous ones. The results indicated that the binding of only
the first vinblastine molecule to each tubulin dimer is linked to the self-association of the protein. They
also confirmed our previously proposed rationale for the disagreement among the vinblastine—tubulin binding
constants reported in the literature in terms of the different magnesium ion concentrations and ionic strength
of the buffers used in the various studies.

In the preceding paper (Na & Timasheff, 1986), we have
examined the binding of vinblastine to tubulin as a function
of protein concentration and probed the equilibrium linkages
between the drug binding and the protein self-association
reactions. In that study, in order to simplify the system,
magnesium ions were not added to the solution. This rendered
vinblastine the only strong ligand effector in the solution.
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Magnesium ions, however, are known to exert a strong in-
fluence on the vinblastine-induced tubulin self-association.
Early studies by Weisenberg and Timasheff (1970) had shown
that, in the presence of magnesium ions, vinblastine induced
the formation of large tubulin aggregates that precipitated
from the solution without centrifugation. More recently, we
have shown that magnesium ions are required for the in vitro
formation of vinblastine—tubulin paracrystals (Na & Ti-
masheff, 1982).

In the analysis of the vinblastine-induced tubulin self-as-
sociation, we proposed that if magnesium ions can enhance
the vinblastine-induced tubulin self-association, they should
also enhance the vinblastine binding to the protein, resulting
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