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Divalent Cation and Ionic Strength Effects on Vinca Alkaloid-induced
Tubulin Self-Association
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ABSTRACT We present here a systematic study of ionic strength and divalent cation effects on Vinca alkaloid-induced
tubulin spiral formation. We used sedimentation velocity experiments and quantitative fitting of weight-average sedimentation
coefficients versus free drug concentrations to obtain thermodynamic parameters under various solution conditions. The
addition of 50-150 mM NaCI to our standard buffer (10 mM piperazine-N,N'-bis(2-ethanesulfonic acid), 1 mM Mg, 50 ,uM
GDP or GTP, pH 6.9) enhances overall vinblastine- or vincristine-induced tubulin self-association. As demonstrated in
previous studies, GDP enhances overall self-association more than GTP, although in the presence of salt, GDP enhancement
is reduced. For example, in 150 mM NaCI, GDP enhancement is 0.24 kcal/mol for vinblastine and 0.36 kcal/mol for vincristine
versus an average enhancement of 0.87 (± 0.34) kcal/mol for the same drugs in the absence of salt. Wyman linkage analysis
of experiments with vinblastine or vincristine over a range of NaCI concentrations showed a twofold increase in the change
in NaCI bound to drug-induced spirals in the presence of GTP compared to GDP. These data indicate that GDP enhancement
of Vinca alkaloid-induced tubulin self-association is due in part to electrostatic inhibition in the GTP state. In the absence of
NaCI, we found that vinblastine and 1 mM Mn2+ or Ca2+ causes immediate condensation of tubulin. The predominant
aggregates observed by electron microscopy are large sheets. This effect was not found with 1 mM Mg2+. At 100 AM cation
concentrations (Mn2+, Mg2+, or Ca2+), GDP enhances vinblastine-induced spiral formation by 0.55 (± 0.26) kcal/mol. This
effect is found only in K2, the association of liganded heterodimers at the ends of growing spirals. There is no GDP
enhancement of K1, the binding of drug to heterodimer, although K1 is dependent upon the divalent cation concentration.
NaCI diminishes tubulin condensation, probably by inhibiting lateral association, and allows an investigation of higher divalent
cation concentrations. In the presence of 150 mM NaCI plus 1 mM divalent cations (Mn2+, Mg2+, or Ca2+) GDP enhances
vinblastine-induced spiral formation by 0.35 (± 0.21) kcal/mol. Relaxation times determined by stopped-flow light scattering
experiments in the presence of 150 mM NaCI and vincristine are severalfold longer than those in the presence of vinblastine,
consistent with a mechanism involving the redistribution of longer polymers. Unlike previous results in the absence of NaCI,
relaxation times in the presence of NaCI are only weakly protein concentration dependent, suggesting the absence of
annealing or an additional rate-limiting step in the mechanism.

INTRODUCTION

The antineoplastic Vinca alkaloids inhibit microtubule as-
sembly and induce the self-association of tubulin into coiled
spiral polymers. We have used sedimentation velocity to
determine binding affinities and thermodynamic parameters
comparing vincristine-, vinblastine-, and vinorelbine-in-
duced tubulin self-association in 10 mM piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES), pH 6.9, 2 mM EGTA,
and 1 mM MgSO4 (Lobert et al., 1995, 1996). The weight-
average sedimentation coefficient data are fit with
isodesmic ligand-mediated or ligand-mediated plus ligand-
facilitated self-association mechanisms (Na and Timasheff,
1985). The presence of GDP significantly enhances spiral
formation compared to GTP by about 0.86 (± 0.28) kcal/
mol, when averaged over all data sets at 25°C for all three
drugs. This corresponds to enhancement of the overall pro-
cess, K1K2, where K1 is the binding of drug to the tubulin
heterodimer, and K2 is liganded-heterodimer binding to a
spiral polymer. Vinca alkaloids, therefore, can cause disrup-
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tion of mitotic spindles by first binding to the ends of
microtubules, probably as liganded GTP heterodimers, and
then inducing spiral propagation into the GDP core of the
microtubule. The zipper-like propagation of a spiral into the
microtubule lattice that has been observed and described by
others (Himes, 1991; Dhamodaran et al., 1995) is thus
driven by GDP enhancement of spiral formation.
The interaction of Vinca alkaloids with tubulin is known

to be strongly dependent upon solution conditions. The
wide range (310-fold differences) of apparent binding af-
finities of vinblastine reported for tubulin are probably due
to variations in buffers, ionic strength, and Mg2+ concen-
trations (Himes, 1991; Singer et al., 1988; Na and Tim-
asheff, 1986a,b). Magnesium is known to enhance the as-
sembly of microtubules (Lee and Timasheff, 1977) and the
vinblastine-induced self-association of tubulin (Na and Tim-
asheff, 1986b). Interestingly, magnesium also drives the
formation of tubulin rings, especially in the presence of
GDP (Frigon and Timasheff, 1975a,b; Howard and Tim-
asheff, 1986). The large number of studies summarized by
Himes (1991) that report apparent binding affinities, in
general, do not properly interpret the interactions in terms of
ligand-mediated events (Na and Timasheff, 1985) and thus
do not interpret the influence of cations or ionic strength in
a quantitative thermodynamic manner. Consequently, there
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is a need for a quantitative thermodynamic study of the
dependence of Vinca alkaloid-induced tubulin self-associa-
tion on ionic conditions.

Other cations have been reported to interact with tubulin
and tubulin polymers. Calcium causes depolymerization of
microtubules through interactions with the tubulin carboxyl
terminus or with microtubule-associated proteins (MAPs)
(Berkowitz and Wolff, 1981; Serrano et al., 1986). Zinc is
known to induce sheets of antiparallel protofilaments by
binding to an amino-terminal site (Serrano et al., 1988).
Manganese will substitute for magnesium, both to induce
microtubule assembly and to favor the binding of GTP to
the exchangeable nucleotide-binding site (Correia et al.,
1988). Cations, especially Mg2+ and Ca2+, are also as-
sumed to be important regulators of microtubule assembly
in vivo. Furthermore, changes in cell membranes associated
with low plasma magnesium levels and mobilization of
extracellular and intracellular calcium have been implicated
in oncogenesis (reviewed in Kummerow, 1992; Battistini et
al., 1993). Hypercalcemia is commonly observed in cancer
patients, possibly because of altered humoral factors and/or
increased bone resorption (Hoekman and Tjandra, 1991;
reviewed in Kaplan, 1994). Thus clinically important
changes in intracellular and extracellular calcium or mag-
nesium concentrations may affect the activity of chemother-
apeutic agents like Vinca alkaloids. We report here the
results of sedimentation velocity and stopped-flow, light
scattering studies on vinblastine- or vincristine-induced por-
cine brain tubulin self-association in the presence of NaCl
and divalent cations.

MATERIALS AND METHODS

Reagents
Deionized (Nanopure) water was used in all experiments. ZnSO4, CaSO4,
MgSO4, EGTA, GDP (Type I), GTP (Type II-S), PIPES, vinblastine
sulfate, and vincristine sulfate were purchased from Sigma Chemical

Company. MnSO4 was from Fisher Biotech. Sephadex G-50 was from
Pharmacia.

Tubulin purification
Porcine brain tubulin (MAP-free phosphocellulose-purified tubulin, PC-
tubulin) free of MAPs was obtained by two cycles of warm-cold polymer-
ization-depolymerization followed by phosphocellulose chromatography to

separate tubulin from MAPs (Williams and Lee, 1982; Correia et al.,
1987). Protein concentrations were determined spectrophotometrically
(%278 = 1.2 L/g-cm) (Detrich and Williams, 1978).

Sedimentation velocity experiments
Our methods for sedimentation velocity data collection and analysis have
been described previously (Lobert et al., 1995). Sedimentation studies were

done in a Beckman Optima XLA analytical ultracentrifuge equipped with
absorbance optics and an An6O Ti rotor. Self-association of PC-tubulin (2
,uM) in the presence of vinblastine or vincristine and GDP or GTP was

investigated. Tubulin samples were equilibrated using spun Sephadex G-50
columns into 10 mM PIPES, pH 6.9, 50 ,uM GXP, 1 mM MgSO4 in the
presence of 50, 100, or 150 mM NaCl. Similar experiments were carried

out in the presence of 100 ,uM MgSO4, MnSO4, or CaSO4 or in the
presence of 150 mM NaCl plus 1 mM MgSO4, MnSO4, or CaSO4. The free
drug concentration (0.5-70 ,uM) was obtained from the known drug
concentration in the equilibration buffer. After equilibration, the protein
was brought to the desired final concentration by dilution with the equil-
ibration buffer. Samples were spun in a Beckman XLA analytical ultra-
centrifuge at 25°C and appropriate speeds. Temperature was calibrated by
the method of Liu and Stafford (1995). Velocity data were collected at 278
nm and at a spacing of 0.01 cm with four averages in a continuous-scan
mode. Data was analyzed using software (DCDT) provided by Dr. Walter
Stafford (Boston Biomedical Research Institute) to generate a distribution
of sedimentation coefficients, g(s), as described previously (Stafford, 1992a,b,
1994; Lobert et al., 1995). The density of each buffer was determined in a
Mettler-Paar DMA 02D precision density meter. The viscosity of each buffer
was measured in a Cannon-Manning semi-microviscometer.

Curve fitting of sedimentation velocity data
Our method for curve fitting using the ligand-mediated or combined
ligand-mediated plus-facilitated models has been described previously
(Lobert et al., 1995). In these models, K1 is the affinity of drug for tubulin
heterodimers, K2 is the affinity of liganded-heterodimers for spiral poly-
mers, K3 is the affinity of drug for polymers, and K4 is the association
constant for unliganded-tubulin heterodimers. The sedimentation data were
plotted as weight-average -s20 versus free drug. Total protein concentra-
tion in the plateau was determined from fg(s) ds. Binding constants were
obtained by fitting with the nonlinear least-squares program Fitall (MTR
software, Toronto, Canada), modified to include the appropriate fitting
functions. Note in this fitting function there are two independent variables,
tubulin concentration and drug concentration, and therefore fits are three-
dimensional surfaces. The presentation of fits as a two-dimensional figure
is typically done at average protein concentrations that do not reflect an
accurate goodness of fit.

Reliability of parameters and energetics

In our previous work we discussed the limitations of extracting the four
binding parameters implicit in the ligand-mediated and combined models.
In the combined model there are only three independent constants, because
by microscopic reversibility, KIK2 = K3K4. In previous studies Na and
Timasheff (1985, 1986a,b) report that K4 values of <1 X 104 M- were
indistinguishable, and thus in our previous work we fixed K4 = 1 X 104
M '. This constrained model fit allows for more reproducible parameter
estimation. However, in a significant fraction of our previous results
(Lobert et al., 1995, 1996) the standard deviations of the constrained and
unconstrained fits were identical to or nearly identical to the two parameter
ligand-mediated fits. In the current studies we constrain K4 = 1 X 103
M- 1, because a number of data sets would not fit with K4 = 1 X 104M- l.
As observed by Na and Timasheff (1985, 1986a,b), this in general has no
effect on the quality of the fits and, by the constraint of microscopic
reversibility, only affects the magnitude of K3. The ligand-mediated and
the constrained-combined model fits are in general identical, as measured
by the standard deviation of the fits (Tables 1 and 3). We continue to report
the constrained-combined model fit for comparison with the results of Na
and Timasheff (1985, 1986a,b) and our own previous results. We also
recognize that thermodynamic exclusion of the facilitated branch is not
acceptable and that the binding of the drug to polymer, K3, is an indicator
of linkage and GDP enhancement in the system. Nonetheless, either the
data lacks sufficient information to differentiate between the two models or
one branch of the thermodynamic loop is kinetically excluded. Note that
we previously suggested that the formation of a spiral polymer in the
absence of drug, K4, is probably kinetically excluded, i.e., at these tubulin
concentrations, spiral polymers are never observed in the absence of Vinca
alkaloids. In addition, the spherical approximation used in the fitting
function for the sedimentation coefficient of I-mers (si = I213sI) neglects
shape factors, i.e., f/fo. This is done to compare our results with the
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TABLE I Equilibrium constants for NaCI effect on Vinca alkaloid-induced tubulin association (1 mM Mg2+)

[NaCI] GXP K, (M-1) K2 (M ') K3 (M-') K,K2 (M-2) SD

Vinblastine
0 mM* GTP 1.2 x 105 0.2 5.1 X 106 0.6 6.1 x 1011 0.9

1.1 x 105 0.1 7.2 x 104 1.5 8.2 x 106 0.7 8.2 x 109 0.9#
GDP 1.3 x i05 ± 0.1 2.3 x 107 ± 0.2 3.0 x 1012 0.8

1.3 x 105 ± 1.0 1.5 x 105 ± 1.2 1.9 X 107 ± 0.3 1.9 X 1010 0.9#
50 mM GTP 1.5 x 105 0.3 6.2 x 106 0.7 9.3 x 10" 1.1

1.4 x 105 ± 0.1 7.9 x 104 ± 0.5 1.1 X 107 ± 0.03 1.1 x 1010 1.l#
GDP 7.8 x 104 ± 1.9 3.2 x 107 ± 0.5 2.5 x 1012 2.1

7.6 x 104 ± 1.0 1.8 x 105 ± 0.4 1.4 x 107 + 0.1 1.4 x 1010 2.1#
100 mM GTP 1.1 X 105 0.2 9.9 X 106 + 0.9 1.1 X 1012 0.9

1.1 X 1i0 ± 0.1 1.0 X 105 ± 0.1 1.1 X 107 ± 0.1 1.1 X 1010 0.9#
GDP 1.2 x 105 ± 0.2 2.8 x 107 ± 0.2 3.4 x 1012 1.3

1.2 x 105 0.03 1.7 x 105 0.1 2.0 x i07 0.04 2.0 x 1010 1.3#
150 mM GTP 1.2 x l05 0.3 1.3 x 107 0.1 1.6 x 1012 1.7

1.2 x 105 ± 0.1 1.1 X 105 ± 2.0 1.4 x 107 + 0.1 1.4 X 1010 1.7#
GDP 9.1 x 104 1.6 3.4 x 107 0.4 3.1 x 1012 1.5

8.9 x 104 ± 0.8 1.8 x i05 ± 0.3 1.6 x 107 + 0.1 1.6 x 1010 1.6#
Vincristine

0 mM§ GTP 1.4 X 105 0.4 1.7 x 107 0.4 2.3 x 1012 1.2
1.3 x 105 ± 0.05 1.3 x 105 ± 0.1 1.7 x 107 ± 0.1 1.7 x 1010 1.2#

GDP 2.1 x i05 ± 0.4 3.9 x 107 ± 0.5 7.9 x 1012 1.7
2.0 x 105 ± 0.2 1.9 x 105 ± 0.4 4.0 x 107 ± 0.3 4.0 x 1010 1.7#

50 mM GTP 1.3 x 105 0.2 3.2 x 107 0.3 4.3 X 1012 1.5
1.3 x 105 + 0.1 1.8 x 105 + 0.3 2.3 x 107 + 0.2 2.3 x 1010 1.6#

GDP 2.1 x 105 + 0.2 6.4 x 107 ± 0.3 1.3 x 1013 1.3
2.0 x 105 + 0.9 2.6 x 105 ± 1.2 5.2 x 107 ± 0.2 5.2 x 1010 1.3#

100tmM GTP 1.7 X 105 0.3 4.3 x 107 0.4 7.2 x 1012 1.7
1.6 X 105 ± 0.1 2.1 x 105 ± 0.3 3.3 x 107 ± 0.2 2.3 x 1010 1.8#

GDP 1.6 x 105 ± 0.2 9.6 x 107 ± 0.7 1.5 x 1013 1.9
1.6 x i0 ± 0.1 3.1 x 105 ± 0.4 4.9 x 107 ± 0.3 4.9 X 1010 2.0#

150 mM GTP 1.4 x 105 ± 0.3 4.7 x 107 ± 0.5 6.7 x 1012 2.0
1.4 x 105 ± 0.4 2.2 x 105 ± 0.6 3.0 x 107 ± 0.1 3.0 x 1010 2.0#

GDP 1.7 x 105 ± 0.3 8.3 x 107 ± 0.6 1.4 x 1013 2.0
1.7 x 105 ± 0.1 2.9 x 105 ± 0.4 4.9 x 107 ± 0.3 4.9 x 10'0 2.0#

*0 mM NaCl data with vinblastine from Lobert et al. (1995) shown here for clarity of presentation.
#K4 constrained at 103 M-1.
§0 mM NaCl data with vincristine from Lobert et al. (1996) shown here for clarity of presentation.

previous and extensive work of Timasheff and co-workers (Na and Tim-
asheff, 1986a,b), who used the same model. Also, as previously reported
(Lobert et al., 1995), fits includingf/fo did not improve the variance of the
fit, although the overall affinity increases. We anticipate that future exper-
iments at higher divalent cation concentrations may force us to distinguish
between single and double filament spirals, possibly by the inclusion of
distinct shape factors. Thus we continue to favor the ligand-mediated fits
as the best quantitative indicators of overall association for the following
reasons: 1) the standard deviations of these fits are equivalent to or better
than those from the combined model; 2) at 2 ,uM tubulin, the contribution
of K4 to the overall energetics is probably not significant; and 3) the
ligand-mediated fits are most likely better estimates of the total energetics
of the process.

Wyman linkage analysis of NaCI and divalent
cation dependence
The linkage of NaCl or divalent cation binding to Vinca alkaloid-induced
tubulin self-association was analyzed using Wyman linkage theory
(Wyman, 1964). It is based upon the thermodynamic principle that a
change in the activity of any species affects the activity of all other species
in solution. The Wyman linkage relationship is

(6 In KI6 In a3)T,p,m2 = AV,

where K is the equilibrium constant for the reaction at constant tempera-
ture, pressure, and protein concentration; a3 is the activity of ligand; and
Av is the change in apparent additional binding of component 3 to the
protein, component 2, during the reaction. Note that it reflects a change in
binding and not total amount bound, and is thus referred to as preferential
interaction (Wyman, 1964; Lee and Timasheff, 1977; Correia, 1991).
Sedimentation velocity data were collected at 25°C in the presence of GXP
over a range of NaCl concentrations (0-150 mM NaCl), and binding
parameters were determined as described above. Data collected in these
studies and in prior studies at various divalent cation concentrations were

also compared (Prakash and Timasheff, 1985; Na and Timasheff, 1986a,b;
Lobert et al., 1995, 1996).

Stopped-flow light scattering experiments
Our procedure for manual stopped-flow light scattering experiments (Hi-
Tech manual stopped-flow apparatus) has been described previously
(Lobert et al., 1996). After equilibrating PC-tubulin (0.2-3 PM) solutions
into 10 mM PIPES, pH 6.9, 150 mM NaCl, 2 mM EGTA, 1 mM MgSO4,
50 ,uM GTP, and 50 ,uM vinblastine or vincristine, samples were degassed
for 1 h at room temperature. Experiments were initiated by rapid mixing
(deadtime < 1 s) of tubulin samples 1:1 with the same buffer without drug
and then monitoring with a SLM Aminco Bowman Series 2 luminescence
spectrometer over 10 min at 1-s intervals. The final drug and tubulin
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concentrations were 25 or 12.5 ,uM and 0.1-1.5 ,M, respectively. Data
were fit and analyzed as described by Lobert et al. (1996).

Electron microscopy
Tubulin samples were prepared at room temperature in the presence of 50
,uM vincristine or vinblastine in 10 mM PIPES, pH 6.9, 50 ,tM GXP, and
100 ,uM or 1 mM MgSO4, MnSO4, or CaSO4. The method used for
glutaraldehyde fixation and negative staining with uranyl acetate has been
described previously (Lobert et al., 1995).

RESULTS

Ionic strength effects

To determine the effect of ionic strength on Vinca alkaloid-
induced tubulin association, we carried out sedimentation
velocity studies at 25°C in the presence of vinblastine, 1
mM MgSO4, and 50, 100, or 150 mM NaCl. Fig. 1 shows
s20 wvalues, calculated from these data, plotted versus free
vinblastine concentrations in the presence of NaCl and GDP
or GTP. Binding affinities obtained from fits of these data
with the ligand-mediated or ligand-mediated-plus facilitated
models are given in Table 1. Binding parameters deter-
mined in the absence of NaCl, reported previously (Lobert
et al., 1995), are included for clarity of presentation. When
data collected in the presence of GTP are fit with the
ligand-mediated model, the overall binding affinities, K1K2,
increase with increasing NaCl concentrations, with values
ranging from 6.1 X 10ll M-2 in the absence of NaCl to
1.6 X 1012 M-2 in 150 mM NaCl. Over the same NaCl
concentrations, in the presence of GDP, K1K2 does not
change significantly, ranging from 2.5 X 1012 M -2 to
3.1 X 1012 M-2, with ameanvalue of 3.1 (± 0.37) X 1012
M -2. Similar trends are obtained with the combined ligand-
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FIGURE 1 Plots of s20,w values versus free vinblastine concentrations at
25°C. Initial tubulin in all experiments was 2 ,uM in the presence of 50 ,uM
GDP (open symbols) or GTP (closed symbols). The buffers were 10 mM
PIPES, pH 6.9, 1 mM MgSO4, 50 ,uM GXP, and NaCl concentrations at 50
mM (A, A), 100 mM (0, 0), or 150 mM (U, Cl). The lines represent fits
using the ligand-mediated model for 50 ( ), 100 (--- -), or 150 (. )
mM NaCl.

mediated-plus facilitated model. Thus NaCl enhances vin-
blastine-induced spiral formation more dramatically in the
presence of GTP than in the presence of GDP, and the GDP
enhancement of tubulin spiral formation previously reported
for vinblastine (Lobert et al., 1995) is significantly reduced
at higher salt concentrations. For example, at 25°C in 150
mM NaCl, the GDP enhancement from a mediated fit is
0.39 kcajlmol versus 0.94 kcaLlmol in the absence of NaCl
(Lobert et al., 1995). In 150 mM NaCl the average GDP
enhancement for both models is 0.24 ± 0.22 kcallmol
compared to 0.75 ± 0.28 kcal/mol in the absence of NaCl
(Lobert et al., 1996). Wyman linkage analysis (Wyman,
1964) of NaCl concentration and overall binding affinity,
K1K2, demonstrated that the change in NaCl binding to
vinblastine-induced spirals is increased twofold in the pres-
ence of GTP compared to GDP. For example, when data
collected in the presence of GTP are fit with the ligand-
mediated model, each mole of tubulin binds an additional
0.464 (± 0.175) mole of NaCl. In the presence of GDP only
an additional 0.227 (± 0.176) mol/mol binds. Because NaCl
enhances assembly in the presence of GTP more than in the
presence of GDP, it appears that about 50% of the GDP
enhancement is due to an electrostatic inhibition in the GTP
state.
We have recently demonstrated that GDP enhancement

of spiral formation is also exhibited by vincristine and
vinorelbine (Lobert et al., 1996). To determine whether the
NaCl effects observed with vinblastine may be characteris-
tic of other Vinca alkaloids, we carried out similar sedimen-
tation experiments with vincristine in the presence of 1 mM
MgSO4 and 50, 100, or 150 mM NaCl. Fig. 2 shows 520,w
values plotted versus free vincristine concentrations in the
presence of NaCl and GDP or GTP at 25°C. Table 1 gives
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FIGURE 2 Plots of s20,w values versus free vincristine concentrations at
25°C. Initial tubulin in all experiments was 2 ,uM in the presence of 50 ,xM
GDP (open symbols) or GTP (closed symbols). The buffers were 10 mM
PIPES, pH 6.9, 1 mM MgSO4, 50 AM GXP, and NaCl concentrations at 50
mM (A, A), 100 mM (0, 0), or 150 mM (-, O). The lines represent fits
using the ligand-mediated model for 50 ( ), 100 (---), or 150 (. )
mM NaCl.
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the binding parameters obtained from fits of these data. Data
collected in the absence of NaCl (Lobert et al., 1996) are
included for clarity. In the presence of vincristine, as with
vinblastine, NaCl enhances self-association more dramati-
cally in the presence of GTP than with GDP. The overall
affinity KIK2 (derived from ligand-mediated fits) is in-
creased approximately threefold in the presence of GTP
versus 1.9-fold in the presence of GDP. At 250C in 150 mM
NaCl, the GDP enhancement with vincristine from a ligand-
mediated fit is reduced to 0.44 kcallmol versus 0.73 kcall
mol in the absence of NaCl (Lobert et al., 1996). Wyman
linkage analysis of the overall affinity, K1K2, derived from
ligand-mediated fits versus NaCl concentration, demon-
strated that vincristine-induced tubulin spirals also bind less
NaCl in the presence of GDP compared to GTP. Each mole
of tubulin binds an additional 0.438 (± 0.249) and 0.079 (±
0.098) mole of NaCl for GTP and GDP conditions. Thus it
appears that approximately half of the GDP enhancement
for both vinblastine- and vincristine-induced self-associa-
tion of tubulin is due to an electrostatic inhibition in the
GTP state that can be partially overcome by NaCl. This is
most likely due to a conformation in GTP-tubulin that
causes or induces repulsive interactions in a spiral polymer.

Kinetics of Vinca alkaloid-induced tubulin
self-association

To further investigate the importance of ionic strength in the
mechanism of Vinca alkaloid-induced spiral formation, we
carried out stopped-flow light scattering experiments in the
presence of 150 mM NaCl over a range of tubulin concen-
trations with vinblastine or vincristine. We had shown pre-
viously that in the absence of NaCl, vincristine relaxation
times are more than 20-fold longer than those in the pres-
ence of vinblastine (Lobert et al., 1996). Additionally for
vinblastine (and vinorelbine), we found a protein concen-
tration dependence, where increasing protein concentration
resulted in decreasing relaxation times. These data indicated
that vinblastine-induced spiral formation occurs by the ad-
dition of oligomers, as well as heterodimers to the ends of
polymers (Thusius et al., 1975). Annealing of oligomers to
the ends of vinblastine-induced spirals has been suggested
previously by the results of x-ray scattering studies
(Hodgkinson et al., 1992; Nogales et al., 1995a). This con-
centration dependence was not observed with vincristine,
probably because of the fact that the vincristine data were fit
best with two exponentials, suggesting two or more steps in
the relaxation process, and thus causing an additional prop-
agation of error in the first relaxation time. We suggested
that the additional steps involved the alignment of spirals. In
the experiments here at room temperature with 150 mM
NaCl, the initial drug concentrations were 50 or 25 ,uM, and
initial protein concentrations ranged from 0.2 to 3.0 ,uM.
The light scattering experiments were initiated by diluting
the drug and protein to half the starting concentration.
Typical relaxation experiments for vinblastine and vincris-

tine are shown in Fig. 3. Relaxation times determined from
an average of three or more experiments are given in Table
2. In the experiments shown here in the presence of NaCl,
both the vinblastine and vincristine data were fit best with a
single exponential. The relaxation times in the presence of
vinblastine and 150 mM NaCl were similar to those found
in the absence of NaCl (Lobert et al., 1996). The relaxation
times in the presence of vincristine and 150 mM NaCl are
more than threefold longer than those found in the presence
of vinblastine, consistent with the formation of longer spi-
rals with vincristine. These relaxation times are similar to
the Tj values previously observed for vincristine-induced
spirals (Lobert et al., 1996) and are assigned to the disso-
ciation of heterodimers or oligomers from the spiral poly-
mers. The second relaxation time T2 previously observed
with vincristine is completely missing in 150 mM NaCl.
Thus high NaCl concentration suppresses the alignment of
vincristine-induced spirals, probably by diminishing lateral
interactions between spirals.
The vinblastine data demonstrate decreasing relaxation

times with increasing protein concentration (Table 2), sim-
ilar to the results found in the absence of NaCl (Lobert et al.,
1996). A plot of 1/X2 versus the final protein concentration
can be used to estimate kon and k0ff values, as described
previously (Thusius et al., 1975; Lobert et al., 1996). How-
ever, the association constant, K, estimated from kon and
koff, is smaller than K2 (Table 1) by more than an order of
magnitude, 1.0 X 106 M-1 and 4.7 X 107 M-1, respec-
tively. This kinetically determined association constant, K,
is also smaller than K2,app (Na and Timasheff, 1985), the
drug-dependent apparent association constant

K2,app = K21[l + 1/(KI[X])]2
(where X is the free drug concentration), found here to be
equal to 7.3-9.6 X 106 M-1 at 25-50 ,uM free drug con-
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FIGURE 3 Stopped-flow, light-scattering experiments. Relative inten-

sity is plotted versus time (s). As described in Materials and Methods, the

drug concentrations were initially 50 ,uM. The buffers were 10mM PIPES,
pH 6.9, 1 mM MgSO4, 2 mM EGTA, 50 ,uM GTP, and 150 mM NaCl.
Following dilution to 25 uM drug, scattering was monitored over 10 min
at 1-s intervals. Upper curve: Vinblastine. Lower curve: Vincristine.
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TABLE 2 Stopped-flow light scattering

[Tubulin]
Drug ,uM (initial) Al T (s)

Vinblastine 0.4 0.82 + 0.01 44.56 + 31.56
0.5 0.98 ± 0.11 33.34 ± 4.73
0.8 0.68 ± 0.04 29.82 ± 3.30
1.0 0.96 ± 0.37 26.21 + 1.12
1.3 1.08 ± 0.06 25.38 ± 1.70

Vincristine 0.2 0.34 + 0.07 105.66 ± 30.54
0.5 0.73 ±0.10 117.15 20.43
0.7 0.99 ± 0.05 100.85 ± 3.96
0.8 1.22 ± 0.01 97.19 + 7.08
1.2 1.21 + 0.15 99.13 + 2.83

Drug dilution, 25-12.5 ,uM; 10 mM PIPES, pH 6.9, 150 mM NaCl, 2 mM
EGTA, 1 mM MgSO4, 50 AM GTP.

centrations. Thus this 7-15-fold difference suggests that in
high salt the model previously used to interpret these data
(Thusius et al., 1975) is not applicable. Furthermore, vin-
cristine relaxation times have an extremely weak concen-

tration dependence that precludes the estimation of kon and
koff. Either annealing is not occurring in high salt or addi-
tional steps complicate its determination. For example, in
high salt kon or k0ff may be tightly coupled to a conforma-
tional change, salt release, and/or drug binding to the
polymer.

Divalent cation effects

We performed initial experiments on the influence of other
divalent cations on vinblastine-induced tubulin self-associ-
ation. However, we found that in a low ionic strength buffer
with 1 mM Zn2+, Mn2 , or Ca2 , vinblastine caused con-

densation of tubulin. The primary aggregates observed by
electron microscopy were large amorphous sheets (data not
shown). (This is consistent with the previous report by Na
and Timasheff (1986b) that in >2.5 mM Mg2+ and low
ionic strength buffer large aggregates are formed. It is also
consistent with earlier electron microscopy and turbidity
studies demonstrating that >8 mM Ca2+ induced extensive
aggregation of Vinca alkaloid-induced tubulin spirals (Wil-
son et al., 1970; Himes et al., 1976).) Sedimentation veloc-
ity experiments could be performed at lower divalent cation
concentrations, although 100 ,uM Zn2+ still caused conden-
sation and was not pursued in further studies. Fig. 4 is a plot
of free vinblastine concentrations versus 52O,w values calcu-
lated for sedimentation data collected at 25°C in the pres-
ence of 100 ,uM Mg2+, Mn2+, or Ca2+ and GDP or GTP.
There are two things to be noted about these data. First, it
can be seen that for all three cations, GDP enhances spiral
formation compared to GTP. The largest enhancement is
with Mn2+ and the smallest enhancement is with Ca2 .

Second, the effect of changing the divalent cation in these
solutions occurs primarily in the GDP samples and not in
the GTP samples. Binding affinities obtained from fits of
these data with ligand-mediated or ligand-mediated-plus
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FIGURE 4 Plots of 520,W values versus free vinblastine concentrations at
25°C. Tubulin in all experiments was 2 ,AM in the presence of 50 ,uM GDP
(open symbols) or GTP (closed symbols). The buffers were 10 mM PIPES,
pH 6.9, 50 ,uM GXP, and 100 ,uM Mn21 (U, O), Ca2+ (0, 0), or Mg2+
(A, A). The lines represent fits using the ligand-mediated model for Mn21
( ),Mg2+ (--- ), or Ca2+ (.....)

facilitated models are given in Table 3. With the exception
of the Ca2+ data, there is no GDP effect on KI, the affinity
of vinblastine for the tubulin heterodimer. The enhancement
resides entirely in K2, the affinity of liganded-heterodimers
for spirals, and K3, the affinity of the drug for polymers. The
overall enhancement in K1K2, derived from ligand-mediated
fits, is 0.83 kcal/mol for Mn2+, 0.80 kcal/mol for Mg2+, and
0.24 kcal/mol for Ca2+. This suggests a differential effect of
divalent cations on spiral formation. The mean overall GDP
enhancement for 100 ,uM Mn2+ and Mg2+ data fit with
both the ligand-mediated model and the ligand-mediated-
plus facilitated model equals 0.63 (± 0.22) kcal/mol. This is
less than the 0.86 kcallmol enhancement observed with 1

mM Mg2+ and thus is consistent with a general divalent
cation effect on spiral formation (Himes, 1991; Na and
Timasheff, 1986b).
The average K, from these experiments for Mn2+ and

Mg2+ conditions is 5.0 (± 0.5) X 104 M-1, in good
agreement with the results of Na and Timasheff (1986a) for
vinblastine in the absence of Mg2+ (3.8 X 104 M 1), but
under weaker ionic conditions (10 mM phosphate, pH 7.0,
and 0.1 mM GTP). In fact, Prakash and Timasheff (1985)
observed a similar K1 value for vincristine (3.5 X 104M -1)
in the absence of Mg2+. Consistent with our previous ob-
servation (Lobert et al., 1996), K1 is not dependent upon the
Vinca alkaloid, but it does appear to depend upon the
divalent cation concentration. In 1 mM Mg2+ in the absence
of salt at 25°C, we observed an average K1 value of 1.55
(± 0.34) X 105 M-l for vinblastine, vincristine, and vi-
norelbine (Lobert et al., 1996). Thus K1 increases with
Mg2+ concentration.

In the presence of 100 ,uM Ca2+ and GTP, we found K1
to be nearly threefold larger, 1.3 (± 0.1) X 105 M- 1, than
in the presence of 100 ,uM Mn2+ or Mg2+. In the presence
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TABLE 3 Equilibnum constants for cation effect on vinblastine-induced tubulin association

Cation GXP K1 (M-') K2 (M 1) K3 (M ') KIK2 (M-2) SD

100 ,uM divalent cation
Mn2+ GTP 4.8 i04 1.3 1.0(106±2.1 4.7 X 1010 0.4

4.1 X 104 0.5 3.3 X 04 0.7 1.3 X 1060.1 1.3 x 109 0.4*
GDP 5.3 X 104 1.1 3.5 x 106 0.5 1.9 X 101l 0.6

4.9 X 104 0.5 6.0 x 1044 1.2 2.9 X 106 0.2 2.9 x 109 0.6
Mg2+ GTP 5.9 X 104 1.6 6.6 x05+1.1 3.9 x 10"° 0.3

5.0 X 104 0.2 2.7 x 104 0.2 1.3 x 106 0.03 1.3 x 109 0.3*
GDP 5.2 X I0 0.8 2.9 X 106±0.3 1.5 X 101 0.4

4.7 X 104 0.3 5.4 X 10 0.8 2.6x106±0.1 2.6 x 109 0.4*
Ca2+ GTP 1.4 X i05 0.5 4.7 X 105 0.7 6.7 X 1010 0.4

1.2 x05±0.1 2.2 x 104 0.5 2.7 x 106 0.3 2.7 x 109 0.4*
GDP 6.9 x1i04+±1.0 1.5>(106±0.1 1.0xl11 0.3

6.3 X 104 0.4 3.9>x104 1.2 2.5 x1060.1 2.5 x 109 0.3*

150 mM NaCl, 1 mM divalent cation
Mn2+ GTP 9.8 x 104 ± 2.2 1.6 x 107 0.2 1.5 X 1012 1.5

9.4 X 104 ± 1.1 1.3 x i0 0.3 1.2 x 070.1 1.2 x 10'0 1.6*
GDP 1.3 X 105 0.2 3.5 X 107 0.2 4.6 X 1012 1.1

1.3 X 1±0.11.9 x 105 0.2 2.4 xi0±0.1 2.4X 1010 1.2*
Mg2+ GTP 1.2 X 0±0.3 1.3 X i0 0.1 1.6 X102 1.3

1.2 x 5±0.1 1.105±0.2 1.4 xi0±0.1 1.4 X 1010 1.3*
GDP 9.1 x i04 ± 1.6 3.4 x 10 0.4 3.1 x012 1.5

8.9 x10 0.8 1.8 x 05 0.3 1.6 x07±0.1 1.6 x 1010 1.6*
Ca2+ GTP 1.4 X10 0.2 1.2 x07±0.1 1.7 X102 1.0

1.4 x i05 0.1 1.105±0.2 1.5 X 070.1 1.5>X 1010 1.1*
GDP 1.3 x 105 0.3 2.5 x 107 0.3 3.3 x 1012 1.6

1.3 x 105 0.04 1.6 x i05 0.05 2.0 X 070.1 2.0 X 1010 1.6*

*K4 constrained at 103 M-1.

of Ca2+ and GDP, K1 is more similar to, although still larger
than, its value in the presence of Mg2+ and Mn2+. It is not
clear whether this observation is a fitting artifact or is
indicative of a real trend in the data (see below). Note that
the data collected in the presence of Ca2+ and fit with the
combined model do not demonstrate an overall GDP en-
hancement. This is due to the fact that although K2 is larger
when GDP is present, K, is smaller and thus the overall
effect in KjK2 shows no enhancement by GDP. Addition-
ally, for this combined fit there is no enhancement in K3.
Clearly, however, from the plot of -20 versus free vinblas-
tine concentrations (Fig. 4), GDP does enhance the polymer
size distribution in the presence of Ca2+. This GDP en-
hancement under Ca2+ conditions is best represented by the
overall mediated fit, corresponding to 0.24 kcallmol, or by
K2 alone in the mediated or combined fits, corresponding to
0.69 and 0.34 kcallmol, respectively.
To work at high divalent cation concentrations, we ex-

plored the influence of NaCl on tubulin condensation. NaCl
suppresses divalent cation-induced tubulin condensation,
and thus in the presence of 150 mM NaCl we were able to
carry out studies of cation effects at 1 mM concentrations by
sedimentation velocity. Note that this observation is consis-
tent with the earlier work by Himes et al. (1976) and the
subsequent work by Na and Timasheff (1986b) that showed
NaCl suppressed the formation of larger aggregates in the
presence of Vinca alkaloids. Fig. 5 is a plot of free vinblas-
tine concentrations versus s20,w values calculated from data
collected at 25°C in the presence of vinblastine, 150 mM
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FIGURE 5 Plots of s20.w values versus free vinblastine concentrations at

25°C. Tubulin in all experiments was 2 ,uM in the presence of 50 ,AM GDP
(open symbols) or GTP (closed symbols). The buffers were 10 mM PIPES,
pH 6.9, 50 ,uM GXP, 150 mM NaCl, and 1 mM Mn21 (U, [), Ca2+ (0,
0), or Mg2+ (A, A). The lines represent fits using the ligand-mediated
model for Mn2+ ( ), Mg2+ (-- -), or Ca21 (. )

NaCl, and 1 mM Mg2+, Mn2+, or Ca2+ and GDP or GTP.
The data are similar to the 100 ,uM divalent cation data (Fig.
4) in that 1) there is a GDP enhancement for all three
conditions, and 2) the primary difference between the cat-
ions is in the GDP data sets, not the GTP data sets. Table 3
gives the binding parameters obtained from fits of the data.

I I
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Regardless of the parameters chosen to compare between
the 100 ,tM and 1 mM Mg2+ and Mn2+ data, these results
represent a suppression of the AAG for GDP enhancement
by the presence of 150 mM NaCl. This is in complete
agreement with the NaCl titration data presented in Figs. 1

and 2 and Table 1.
Examination of the divalent cation data reveals that there

is no significant difference among the three cations in
overall binding affinity in the presence of GTP. For exam-

ple, when data are fit with the ligand-mediated model for all
three cations, the mean overall binding affinity, K1K2, in the
presence of GTP is 1.6 (± 0.1) x 1012 M-2. In the presence

of GDP there are small divalent cation-dependent trends in
the data. For the overall binding affinity, K1K2, Mn2+ gives
the largest ligand-mediated value (4.6 X 1012 M-2),
whereas the Ca2+ and Mg2+ data give similar values (3.3
versus 3.1 X 1012 M-2). This corresponds to GDP enhance-
ments of 0.66, 0.39, and 0.39 kcallmol for Mn2 , Ca2 , and
Mg2+ conditions, respectively. However, in terms of K2, the
binding of liganded heterodimer to spirals, Mn2+ and Mg2+
give similar values (3.5 and 3.4 X 107 M-l), whereas Ca2+
gives a smaller value (2.5 X 107 M- 1). This corresponds to
GDP enhancements of 0.46, 0.45, and 0.56 kcal/mol for
Mn2 , Ca2 , and Mg2+ conditions, respectively. Similar
trends are found with the combined model. The small vari-
ations observed with 100 ,uM and 1 mM Ca2+ may be due
to propagation of error in the fitting. However, the trends in
the primary data, especially in the presence of GDP, clearly
show smaller maximum 520 values for Ca2+ compared to
the other two cations (Fig. 5). To investigate these data
further, we carried out simulations of ligand-mediated and
ligand-mediated-plus facilitated association (Fig. 6), vary-

ing K, or K2. For the ligand-mediated model simulations in
Fig. 6 B, K, is fixed at an average experimental value of
1.2 X 105 M-1, andK2is variedfrom 1 to4 X 107 M-1. For
the combined model simulations in Fig. 6 A, K, and K4 are

fixed and K3 is increased from 5 X 106 to 3 X 107 M-1. K2
necessarily also increases to maintain microscopic revers-

ibility. The 1 mM Ca2+ and Mn2+ data in the presence of
GDP (Table 3) are plotted on the figures for comparison. In
addition, to explore the role of K1 on the shapes of the
curves, a ligand-mediated simulation (Fig. 6 C) with fixed
K2 and variable K1 was performed. The 100 ,uM Ca2+ and
Mn2+ data in the presence of GTP (Table 3) are plotted on

the figures for comparison. At fixed K1 values, it is clear
that the plateau value determines the magnitude of K2 for
both the ligand-mediated and the combined models (Fig. 6,
A and B). Thus the smaller K2 values for the Ca2+ data are

due to a lower maximum 52O,w value, indicating that in the
presence of Ca2 , vinblastine does induce smaller polymers
than in the presence of the other cations. The simulation at
fixed K2 (Fig. 6 C) shows that as K1 increases, the steepness
of the curve at low vinblastine concentrations increases.
Furthermore, because K1K2 increases, the plateau values
increase, indicating that an increase in liganded heterodimer
concentration (due to increasing K1) provides more drug-
tubulin complexes for self-association at a fixed K2. From
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FIGURE 6 Plots of simulations of 20,w values versus free vinblastine
concentrations at 25°C. (A) Ligand-mediated plus-facilitated model simu-
lations at fixed KI, 1.2 x 105 M- 1, fixed K4, 1.0 x 103 M 1, and variable
K3 of0.5 ( ), 1.0 (---),1.5(.), 2.0 (-.-), and 3.0 (-X-) 107M- '.

(B) Ligand-mediated simulations at fixed K1, 1.2 X 105 M- 1, and variable
K2 of 1.0 ( ), 2.0 (---), 3.0 (. ), and 4.0 (-.-) X 107 M- . Data
points from sedimentation velocity experiments at 1 mM Mn21 (@) and 1
mM Ca2+ (-) are overlaid. (C) Ligand-mediated simulations at fixed K2,
4.7 x 105 M-1, and variable K, of 0.1 ( ), 0.5 (- -), 1.0 (. ), and
5.0 (- -) X 105 M- 1. Data points from sedimentation velocity experiments
at 100 ,uM Mn21 (@) and 100 ,uM Ca21 (-) are overlaid.

the perspective of fitting these data, at a given plateau value,
K1 is determined by the steepness of the curve at low drug
concentrations. In the case of 100 ,uM Ca2+ (see Fig. 6 C),
the lowest drug concentration points, at 0.5 and 1 ,uM, are

significantly above the heterodimer value of 5.8 S. Thus
these points appear to dictate the larger K1 observed in the
Ca2+, GTP fits (Table 3). Realizing the significance of these
low drug concentration data points, we gathered an addi-
tional set of data at 0.5, 1, and 3 ,tM vinblastine and 100
,uM Ca2+. All six data points are shown in Fig. 6 C and are

used to determine the K1 value reported in Table 3. Al-
though the magnitude of the repeated 20,w values at low
drug concentrations were significantly lower by about 6% at
each point, the values for K1 (Table 3) remain higher than
those for data collected in the presence of Mn2+ or Mg2+.
Fits that excluded the original three points gave K1 values
only slightly smaller, 1.1 X 105 M-1. This confirms the
conclusions derived from the simulations, that the initial
slope relative to the plateau concentration dictates the mag-
nitude of KI. In this case the lower plateau with the Ca2+
data forces a larger K1 value relative to the Mn2+ or Mg2+
data.

Finally, note that at 150 mM NaCl, K1, the affinity of
drug for tubulin heterodimers, for all models (Table 3) is 1.2
(+ 0.2) X 105 M-1, a value extremely similar to our

previous results with three Vinca alkaloids in 1 MM Mg2+
(Lobert et al., 1996). Thus, combining the 100 ,uM divalent
cation data (Fig. 4, Table 3) and the high-salt, 1 mM
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divalent cation data (Fig. 5, Table 3) with the NaCl titration
data (Figs. 1 and 2, Table 1) and the previous work in the
absence of Mg2+ (Na and Timasheff, 1986a; Prakash and
Timasheff, 1985), we can conclude that Vinca alkaloid
binding to the tubulin heterodimer is Mg2+ or divalent
cation dependent but not NaCl dependent in the range of
0-150 mM. This suggests a role for specific divalent cation
interactions in drug binding to the heterodimer (see Discus-
sion). (A more extensive study of Mg2+ and Ca2+ effects
under high-salt conditions currently under way should ver-
ify and extend these observations.)

CONCLUSION

Ionic strength effects

In the experiments described here, we found that, in the
presence of vinblastine or vincristine, NaCl enhances over-
all association, inducing larger aggregates, while diminish-
ing tubulin precipitation, probably by inhibiting lateral as-
sociation. At 150 mM NaCl and vinblastine, the GDP
enhancement is reduced to less than half that found in the
absence of NaCl (equivalent to about 0.24 ± 0.22 kcallmol
compared to 0.75 ± 0.28 kcallmol for all models). A similar
result is found with vincristine-induced association in 150
mM NaCl (0.36 ± 0.10 kcal/mol). Wyman analysis dem-
onstrated a twofold increase in the change in NaCl binding
to vinblastine-induced spirals in the presence of GTP com-
pared to GDP. These results suggest that electrostatic effects
contribute significantly to the enhancement by GDP, which
is probably due to electrostatic repulsion in the GTP-tubulin
conformation. A similar electrostatic repulsion is thought to
occur in microtubule formation, where high ionic strength
favors assembly. This repulsion probably occurs in the
highly charged carboxyl tail of both a- and (-tubulin and
can be overcome by MAP binding or by subtilisin digestion
to remove the acidic region (Lobert et al., 1993). Note that
in our previous work with subtilisin-digested tubulin
(Lobert and Correia, 1992; Lobert et al., 1993), we observed
that the extent and fidelity of cleavage in the carboxyl-tail
region of both tubulin chains was dependent upon solution
conditions, divalent cation binding, and the extent of tubulin
self-association. These results, in conjunction with the ther-
modynamic linkages in the Vinca alkaloid-tubulin system,
suggest that salt and divalent cation binding to the carboxyl-
tail region is involved in modulating nucleotide and Vinca
alkaloid-induced self-association events. Note that we are
not necessarily referring to a specific binding site or class of
binding sites, although there may be a distinction between
binding sites for monovalent and divalent cations. Rather,
we mean nonspecific interactions in the thermodynamic
sense, described as preferential interactions by Timasheff
and co-workers (Lee and Timasheff, 1977; Correia, 1991).
This is consistent with the small change in the number of
NaCl ions (<0.5 mol/mol) associated with the overall af-
finity K1K2 by Wyman analysis. Further note that this

During the formation of a spiral a cascade of association
events occurs that is linked to a cascade of salt binding
events. The recent work by Nogales et al. (1995b) places the
carboxyl tail of both a- and ,3-tubulin near the lateral
contacts in Zn-induced sheets and suggests a structural
model by which NaCl or other ions might affect lateral
interspiral or interprotofilament contacts. These domains
are also located between longitudinal subunit interactions
and may play a role in spiral formation as well. (Future
studies with subtilisin-digested tubulin will provide insight
into the involvement of this acidic domain in the linkage
between salt or divalent cation binding and tubulin self-
association.)

For vinblastine-induced tubulin self-association in the
presence of 1 mM Mg2+, K1 values at 25°C are, within
error, identical in the presence or absence of NaCl, 1.2
(± 0.3) X 105 M-1, for all models and regardless of
nucleotide (Table 1 and Lobert et al., 1995). Thus the
affinity of vinblastine for its heterodimer binding site is the
same regardless of salt concentration. Similar data collected
in the presence of vincristine over a range of NaCl concen-

trations (0-150 mM NaCl, Table 1 and Lobert et al., 1996)
show the same absence of an effect on K, (1.6 (± 0.3) X
105 M-1) for all models and regardless of nucleotide
present. We have previously discussed the insensitivity of
K1 to the Vinca alkaloid under investigation in terms of
allosteric transitions that can only occur in the spiral poly-
mer form, not in the heterodimer (Lobert et al., 1996). A
lack of salt dependence for K, suggests that NaCl also
affects association events in the polymer and not in the
heterodimer. Note that in our previous work (Lobert et al.,
1996) the similarity in K1 between vinblastine, vincristine,
and vinorelbine was stressed. Thus GDP enhancement is an
effect on K2, the self-association of liganded heterodimer, or

K3, the drug binding to polymers, and is clearly consistent
with linkage between nucleotide binding, drug binding,
self-association, and electrostatic effects at distant sites on

the tubulin molecule.

Divalent cation effects

Sedimentation velocity studies were conducted with vin-
blastine and 2 ,uM tubulin with 100 ,M Mg2+, Ca2+, or

Mn2+ in the absence of NaCl and 1 mM Mg2+, Ca2+, or

Mn2+ in the presence of NaCl. In the absence of NaCl, we

found that 1 mM Mn2+ or Ca2+ causes immediate conden-
sation of tubulin. The predominant aggregates observed by
electron microscopy (negative stain) were large sheets. It is
interesting that under both sets of conditions differential
divalent cation effects are observed in the GDP but not the
GTP solutions. This is in contrast to the effects of NaCl,
where the largest effect is observed in the GTP solutions
(Fig. 1 and 2). As discussed above, this suggests that NaCl
and divalent cations are affecting different regions of the
tubulin heterodimer, or are exhibiting differential specificity
in their effects on the thermodynamic linkages. Either way,

linkage corresponds to a single overall association event.
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An important conclusion that has emerged from these
studies is that K1, at least for Mg2+ and Mn2+, is divalent
cation dependent, and yet not NaCl dependent. Wyman
analysis was performed by plotting ln K1 versus ln[M2+] to
determine the change in cation binding associated with the
binding of drug to the tubulin heterodimer. The slope of this
plot, Av, for the vinblastine data alone corresponds to 0.361
(± 0.023) mol/mol, and for the complete vincristine, vin-
blastine, and vinorelbine data set corresponds to 0.442
(+ 0.102) mol/mol. This suggests a direct thermodynamic
involvement of divalent cations in the binding of Vinca
alkaloids to the tubulin heterodimer. Although vinblastine
and vincristine have two protonatable groups, there is no

evidence of direct binding of divalent cations to Vinca
alkaloids. The Vinca alkaloid binding site is reported to be
near the exchangeable nucleotide binding site (E-site) on the
,B-tubulin subunit (Bai et al., 1990) and may be influenced
by metal binding to GXP. However, it is well known that
GTP binding to the E-site is strongly Mg2+ or Mn2+ de-
pendent, whereas GDP binding is Mg2+ or Mn2+ indepen-
dent (Correia et al., 1987, 1988). Because the effect on K1
is identical for both GDP and GTP conditions, it is unlikely
that a nucleotide-associated metal is directly modifying
Vinca alkaloid binding to the heterodimer. Thus we can

conclude that divalent cation binding to the heterodimer,
possibly at some distance, has a direct or indirect thermo-
dynamic effect on KI, drug association with the Vinca
alkaloid binding site. Note that, unlike Mg2+ and Mn2+,
there is no evidence that Ca2+ interacts with GTP at the
E-site. In the presence of Ca2+ and GTP, we assume that
Mg2+ may not be exchanged and is still present on the
GTP-tubulin complex. It is clear that Ca2+ does not disrupt
GTP binding, because the sedimentation data in the pres-

ence of GTP with Ca2+, Mg2+, and Mn2+ are all identical
within error.

At 100 ,uM cation, K1, the binding of the drug to het-
erodimers, is largest for Ca2+ compared to the other two
cations (Table 3). In the presence of GTP and Ca2+, K1 is
more than threefold larger than when Mn2+ or Mg2+ is
present. However, when GDP is present the enhancement in
K1 is smaller (less than twofold relative to the other two
cations). The increase in K1 in the presence of Ca2+ is
partially compensated by a decrease in K2, the binding of
liganded heterodimers to polymers. K2 is smallest when
Ca2+ is present compared to when Mn2+ or Mg2+ is
present. Simulations of binding curves demonstrated that K2
determines the plateau values, and thus smaller K2 values
indicate that smaller polymers are formed, in spite of the
fact that the overall affinity, K1K2, for all three cations is
identical within error (mean 1.6 (+ 0.1) x 1012 M-2). This
result suggests that, relative to other divalent cations, Ca2+
can have a regulatory effect on Vinca alkaloid-induced
spiral formation, because propagation into the GDP micro-
tubule core is less favorable.
We found that 150 mM NaCl suppressed condensation,

and so we were able to carry out sedimentation velocity

ionic strength more closely approximates intracellular con-
ditions. Under all of the ionic conditions studied here,
differential divalent cation effects are primarily seen in the
GDP solutions, suggesting specific ion effects linked to
nucleotide binding. Only when GDP and Ca2+ are present
do we find significantly smaller K2 values relative to Mn2+
and Mg2+. This difference can be seen in the lower plateau
values for the Ca2+ data (Fig. 5). We can conclude that
under low or high ionic strength conditions (near physio-
logical), spiral propagation into the GDP core of the micro-
tubules is less favored by Ca2+ compared to Mg2+ or Mn2+.
Note that the ability of divalent cations to condense Vinca-
tubulin spirals reported here and by others (Himes et al.,
1976; Na and Timasheff, 1986b) is analogous to counterion
condensation of DNA or the bundling of actin filaments or
microtubules (Tang and Janmey, 1996). Consistent with
Manning theory for polyelectrolytes (Manning, 1978; Tang
and Janmey, 1996), increased salt concentrations diminish
condensation and weaken lateral spiral interactions, thereby
raising the concentration of divalent cations needed to in-
duce larger aggregates. This observation suggests that a
complete understanding of Vinca alkaloid-induced paracrystal
formation will require a knowledge of the polyelectrolyte char-
acteristics of tubulin spirals.

Mechanism of Vinca alkaloid-induced tubulin
self-association

How does ionic strength contribute to the mechanism of
Vinca alkaloid-induced spiral formation? Stopped-flow
light scattering experiments (Fig. 3, Table 2) in the presence
of 150 mM NaCl indicate that NaCl diminishes the lateral
association of drug-induced spirals. Data collected in the
presence of vincristine or vinblastine were best fit with a
single exponential, suggesting that similar processes are
involved when either drug induces spiral formation. This
result differs from our previous report of light scattering
experiments with these drugs in the absence of NaCl
(Lobert et al., 1996). In those experiments, we found that
the vincristine data required two exponentials for adequate
fits, suggesting that alignment of spirals occurs in addition
to the lengthwise growth of spirals. This was not observed
with vinblastine. Thus electrostatic effects contribute to
spiral alignment as well as GDP enhancement. Relaxation
times overall are much longer when vincristine is present
compared to vinblastine, regardless of whether NaCl is
present. When 150 mM NaCl is present, relaxation times for
vincristine-induced spirals are threefold longer than for vin-
blastine-induced spirals under the same conditions. This
result is consistent with a cascade of events that require
more time with the longer vincristine-induced spirals. Fur-
thermore, relaxation times in the presence of vinblastine
decrease with increasing protein concentration, indicating
oligomer annealing (Lobert et al., 1996). However, the
protein concentration dependence is diminished in the pres-
ence of NaCl. In fact, the k0ff and k0n estimations result in
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studies with I mM cations at high ionic strength. Raising the
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a 10-fold smaller Ka compared to the K2 determined from
ligand-mediated fits of sedimentation velocity data. Thus
for vinblastine our previous analysis of stopped-flow light
scattering data in the absence of NaCl (Lobert et al., 1996)
does not appear to be adequate. The protein concentration
dependence is not observed with vincristine in the presence
or absence of NaCl. It appears that the mechanism of Vinca
alkaloid-induced tubulin self-association is different when
NaCl is present, possibly because of an absence of anneal-
ing and/or another rate-limiting step like a conformational
change or the release of NaCl. An additional possibility is
that in high salt, vinblastine and vincristine induce some-
thing other than a single spiral filament. It has been reported
that tubulin can also be induced to form double filament
spirals (Amos et al., 1984; Hodgkinson et al., 1992; Nogales
et al., 1995a). Nogales et al. (1995a) clearly showed that
Mg2+ concentrations greater than 6 mM favor double fila-
ment spirals. In their work, at 1 mM Mg2+ and 100 mM
PIPES, the spirals were single filaments. Above 6 mM
Mg2+ they were double filament spirals, and at 6 mM Mg2+
there appeared to be an equilibrium between the two forms.
This suggests that 10 mM PIPES, ± NaCl, 0.1-1 mM Mg2+
would favor single filament spirals. All of the previous work
by Timasheff and co-workers (Na and Timasheff, 1986a,b;
Prakash and Timasheff, 1985) in 10 mM sodium phosphate,
pH 7.0, assumed single-filament spiral formation, a correct
assumption in light of the results of Nogales et al. (1995a).
Thus we currently have no reason to doubt our choice of
mechanism to fit the sedimentation data. Current studies are
exploring the influence of higher concentrations of Mg2+
and Ca2+ on vinblastine-induced spiral formation and may
reveal features in the sedimenting boundary shapes or the
g(s) profiles that can be interpreted as a conversion from
single-filament to double-filament spiral formation.

In vivo consequences of spiral energetics

Our measurements suggest that the thermodynamics of the
drug-induced spirals contribute to Vinca alkaloid differ-
ences in vivo. It has been clearly demonstrated that low
Vinca alkaloid concentrations kill cells by suppressing mi-
crotubule dynamics without depolymerizing microtubules
or causing extensive changes in, cellular microtubule mass
(Dhamodharan et al., 1995). We have speculated, based
upon this work, that the energetics of ligand-mediated spiral
formation are the parameters clinically relevant for inter-
preting and modeling therapeutic doses (Lobert et al.,
1996). Therefore, our emphasis in this work on spiral for-
mation and the suppression of paracrystal and sheet-like
aggregates is sound from the perspective of using the ana-
lytical ultracentrifuge as well as extrapolating results to
physiological conditions. Vincristine induces longer spirals
than vinblastine, and this effect is enhanced at physiological
ionic strength. Long polymer distributions reequilibrate
more slowly by a mechanism involving a cascade of disso-
ciation events. This is vividly seen in the relaxation times

where the larger vincristine polymers have a relaxation time
of about 100 s, and the shorter vinblastine polymers have a
relaxation time of about 30 s. These results can be correlated
with the longer terminal half-life and slower plasma clear-
ance found with vincristine compared to vinblastine (Rah-
mani et al., 1986; Rowinsky et al., 1994) and may account
for the increased neurotoxicity for vincristine relative to
vinblastine and vinorelbine. Thus in vivo differences be-
tween vinblastine and vincristine can be attributed in part to
slower kinetics of redistribution. In fact, vinorelbine, which
has the lowest potential for toxicity, forms the smallest
polymers (Lobert et al., 1996) and consequently has the
fastest relaxation times, about 10 s. Moreover, in the pres-
ence of vincristine or vinblastine, we have observed divalent
cation differences in association constants and kinetics that
may be determined by divalent cation interactions with sites
on the carboxyl terminus. Changes in cell membranes as-
sociated with low plasma magnesium levels and mobiliza-
tion of extracellular and intracellular calcium have been
implicated in oncogenesis (reviewed in Kummerow, 1992;
Battistini et al., 1993), and hypercalcemia is commonly
observed in cancer patients, possibly because of altered
humoral factors and/or increased bone resorption (Hoekman
and Tjandra, 1991; reviewed in Kaplan, 1994). Thus clini-
cally important changes in intracellular and extracellular
calcium or magnesium concentrations may affect the activ-
ity of chemotherapeutic agents like Vinca alkaloids. We
further recognize the potential role of polyglutamylation, a
post-translational modification that occurs in the carboxyl-
tail region of both tubulin polypeptide chains (Alexander et
al., 1991; Redeker et al., 1992; Rudiger et al., 1992). Tissue-
specific differences in polyglutamylation may contribute to
Vinca alkaloid efficacy and toxicity. We are currently in-
vestigating these possibilities using subtilisin-cleaved tubu-
lin heterodimers and tubulin isolated from tissues in which
polyglutamylation is known to be minimal.
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