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ABSTRACT
We present a comparison of the energetics of spiral formation
for two vinca alkaloids: a novel difluorinated vinorelbine deriv-
ative 209,209-difluoro-39,49-dihydrovinorelbine (F12158, or vin-
flunine) and the parent compound, vinorelbine. Vinca alkaloids
are antineoplastic agents that halt cell division at metaphase by
inhibiting microtubule assembly and inducing tubulin self-as-
sociation into spiral aggregates. The overall affinities for tubulin
of vincristine, vinblastine, and vinorelbine seem to correlate
with their clinical doses, where vincristine with the highest
overall affinity is used at the lowest doses. Doses of chemo-
therapeutic agents, however, also are determined by toxicities.
In the physicochemical study described here, we used sedi-
mentation velocity to compare vinorelbine- and vinflunine-in-

duced self-association of porcine brain tubulin in the presence
of 50 mM GDP or 50 mM GTP. Vinflunine demonstrates 3–16-fold
lower overall affinity for tubulin and induces smaller polymers
compared with vinorelbine. Sedimentation velocity provides the
only direct evidence to date that vinflunine is a tubulin-binding
drug. Stopped-flow light scattering demonstrates the shortest
relaxation times for polymer redistribution for vinflunine consis-
tent with induction of the shortest spirals. Data collected at 5°,
15°, 25°, and 37° show increasing s̄20,w values with increasing
temperature and are consistent with an entropically driven pro-
cess. These data are entirely consistent with our hypothesis
that vinflunine is likely to result in reduced clinical neurotoxicity
relative to vinorelbine, vinblastine, and vincristine.

The antineoplastic properties of vinca alkaloids arise from
their interaction with tubulin, the major component of mi-
crotubules in mitotic spindles. These drugs diminish micro-
tubule dynamics and assembly, resulting in the arrest of cell
division at metaphase. At substoichiometric levels, in vitro,
vinca alkaloids stabilize microtubules, possibly by binding to
microtubule ends and inhibiting hydrolysis of GTP (Jordan
and Wilson, 1990; Jordan et al., 1991; Toso et al., 1993). At
higher concentrations, microtubules depolymerize, and in the
presence of MAPs or at high magnesium concentrations
(.2.5 mM), vinca alkaloids induce large paracrystals made up
of spiral helices of one or two protofilaments (Fujiwara and
Tilney, 1975; Amos et al., 1984; Timasheff, 1986a, 1986b;
Himes, 1991; Na and Nogales et al., 1995).

Three vinca alkaloids that are currently important in an-
ticancer chemotherapy protocols, vincristine, vinblastine,
and vinorelbine, are used for treating a spectrum of solid and
hematological tumors (Lobert and Correia, 1992; Johnson et
al., 1996). As antimitotic drugs, their affinity for tubulin has

an impact on drug efficacy and toxicity. The order of overall
affinity for tubulin is vincristine . vinblastine . vinorelbine
(Lobert et al., 1996). This relative drug affinity for tubulin
may be related to the clinical doses used; generally, vincris-
tine is administered at 2 mg/m2 and vinorelbine at 30 mg/m2

(Lobert and Correia, 1992; Chabner et al., 1996). However,
clinical doses also are based on dose-limiting side effects. The
clinical toxicity of vincristine is mostly neurological, with
predictable cumulative effects, whereas vinorelbine is the
least neurotoxic vinca alkaloid (Chabner et al., 1996). Our
hypothesis is that the overall drug affinity for tubulin con-
tributes to the severity of the neuropathies observed clini-
cally. In fact, this is currently the basis for clinical trials with
vinorelbine.

Vinca alkaloid binding is linked to tubulin self-association,
and the binding affinities can be determined by sedimenta-
tion velocity. These data are best fit by an isodesmic ligand-
mediated or ligand-mediated plus ligand-facilitated model
(Na and Timasheff, 1980, 1986a). The major difference be-
tween the drugs is in K2, the affinity of liganded het-
erodimers for spirals, and in K3, the binding of drug to poly-
mers. All three drugs show an increase in maximum s̄20,w
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values with increasing temperature, consistent with an en-
tropically driven process. The relative magnitudes of K2 were
independently confirmed by stopped-flow light scattering, in
which relaxation times, t, are longest for vincristine poly-
mers and shortest for vinorelbine polymers (Lobert et al.,
1996). Furthermore, there is a decrease in t with increasing
tubulin concentration, suggesting annealing of oligomers in
addition to association of liganded-heterodimers (Thusius et
al., 1975; Nogales et al., 1995; Lobert et al., 1996).

In the current work, we compared the energetics of tubulin
spiral formation in the presence of a novel difluorinated
derivative of vinorelbine, vinflunine (Fahy et al., 1997), with
the parent compound using sedimentation velocity. We found
that vinflunine induces significantly smaller spirals than
vinorelbine. The difference between the two drugs is primar-
ily in K2, the affinity of liganded-heterodimers for spirals,
and in K3, the affinity of drug for polymers. Van’t Hoff anal-
ysis of data collected at 5°, 15°, and 25° shows more positive
DH° and DS° for vinflunine compared with vinorelbine, con-
sistent with an entropically driven process. The increased
DH° corresponds to a less negative (less favorable) DG° for
vinflunine. Stopped-flow light scattering was used to inves-
tigate the mechanism of drug-induced spiral formation. Vin-
flunine demonstrates shorter relaxation times compared
with vinorelbine, and the data are consistent with spiral
formation occurring by the addition of liganded heterodimers
and the annealing of oligomers. These data together suggest
that vinflunine may demonstrate reduced neurotoxicity rel-
ative to the other three vinca alkaloids. Our sedimentation
velocity studies are the only direct evidence that vinflunine is
a tubulin-binding drug and therefore contribute to under-
standing of its potential as a clinically useful antimitotic
agent.

Experimental Procedures
Reagents. Deionized (Nanopure) water was used in all experi-

ments. MgSO4, EGTA, GDP (type I), GTP (type II-S), and PIPES
were purchased from Sigma Chemical (St. Louis, MO). Sephadex
G-50 was from Pharmacia (Piscataway, NJ).

Tubulin purification. Porcine brain tubulin (PC-tubulin) free of
MAPs was obtained by two cycles of warm/cold polymerization/depo-
lymerization followed by phosphocellulose chromatography to sepa-
rate tubulin from MAPs (Williams and Lee, 1982; Correia et al.,
1987). Protein concentrations were determined spectrophotometri-
cally (e278 5 1.2 liter/gzcm) (Detrich and Williams, 1978).

Sedimentation velocity experiments. Vinorelbine- or vin-
flunine-induced tubulin spiral formation was studied in the presence
of GDP or GTP by sedimentation velocity. Vinorelbine, as the tar-
trate, was obtained from Pierre Fabre Medicaments (Gaillac,
France), and vinflunine sulfate was kindly provided by Dr. J. Fahy
(Center de Recherche Pierre Fabre, Castres, France). Tubulin sam-
ples (2 mM) were equilibrated in 10 mM PIPES, pH 6.9, 2 mM EGTA,
1 mM MgSO4, and 50 mM GXP using spun columns (Lobert et al.,
1995). The free drug concentration (0.5–70 mM) was obtained from
the known drug concentration in the equilibration buffer. For vin-
flunine, the extinction coefficients are e214, water 5 61,650 M21 cm21

and e268, water 5 18,650 M21 cm21, and for vinorelbine, they are
e215, water 5 57,800 M21 cm21 and e268, water 5 17,150 M21 cm21

(Institut de Recherche Pierre Fabre). In previous work (Lobert et al.,
1996), stock clinical solutions were purchased from Glaxo-Wellcome
(Research Triangle Park, NC). The stated concentration was inter-
preted as 10 mg/ml vinorelbine ditartrate, although as noted re-
cently, the solutions were actually 10 mg/ml vinorelbine. Thus, for

comparison with the data collected here, the vinorelbine concentra-
tions from our previous work (Lobert et al., 1996) were corrected by
a factor of nearly 1.4. After equilibration, the protein was brought to
the desired final concentration by dilution with the equilibration
buffer. Sedimentation studies were done in a Beckman Instruments
(Palo Alto, CA) Optima XLA analytical ultracentrifuge equipped
with absorbance optics and an An60 Ti rotor. Samples were spun at
5°, 15°, 25°, or 37° at appropriate speeds, and temperature was
calibrated according to the method of Liu and Stafford (1995). Ve-
locity data were collected at 278 nm and at a spacing of 0.002 cm with
one average in a continuous scan mode. Data were analyzed using
software (DCDT) provided by Dr. Walter Stafford (Boston Biomedi-
cal Research Institute, Boston, MA) to generate a distribution of
sedimentation coefficients, g(s) (Lobert et al., 1995).

Curve fitting of sedimentation velocity data. The distribu-
tions of sedimentation coefficients, g(s), were converted to weight
average s̄20,w values by integration of the curves (*s * g(s)ds/*g(s)ds)
using Origin 3.5 (Microcal Software, Northampton, MA) and correc-
tion for temperature and buffer components. The data were plotted
as weight average s̄20,w values versus free drug. Total protein con-
centration for each sample was determined from *g(s)ds. Sedimen-
tation data were fit using the isodesmic ligand-mediated or the
isodesmic ligand-mediated plus ligand-facilitated model (also re-
ferred to as the combined model) (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 polymers, K3 is the affin-
ity of drug for polymers, and K4 is the association constant for
unliganded-tubulin heterodimers. Binding constants and error esti-
mates were obtained by fitting with the nonlinear least-squares
program Fitall (MTR Software, Toronto, Canada), modified to in-
clude the appropriate fitting functions. We find that in the combined
model fit, it is necessary to constrain K4, the association constant for
unliganded tubulin heterodimers, to 1 3 104 M21 to compare the
binding affinities because only three binding constants are indepen-
dent in this scheme. As with any linear and nonlinear least-squares
procedures, the fitted parameters exhibit a certain degree of cross-
correlation, and the overall product, K1K2, is probably better deter-
mined than the individual parameters, K1 and K2. However, the
results demonstrate that K1 is nearly a constant for both drugs,
9.75 6 2.62 3 104 M21 (average for the ligand-mediated fits at 5°, 15°,
and 25°), and that the major difference between drugs and the major
effect of GDP is in the value of K2. This is compelling evidence that
we are correctly determining reliable parameters.

Stopped-flow light-scattering experiments. Stopped-flow
rapid mixing experiments (manual stopped-flow apparatus; Hi-Tech,
Wiltshire, England) were carried out as described previously (Lobert
et al., 1996). Briefly, PC-tubulin (0.6–4 mM) was equilibrated, using
spun columns, into 10 mM PIPES, pH 6.9, 2 mM EGTA, 1 mM MgSO4,
50 mM GTP, and 70 mM vinorelbine or vinflunine. The final drug and
tubulin concentrations were 35 and 0.3–2 mM, respectively. Samples
were degassed for 1 hr at room temperature. Stopped-flow rapid-
mixing experiments at 25° were initiated by diluting tubulin samples
1:1 with the same buffer without drug. Relaxation was monitored
using an SLM Aminco Bowman Series 2 Luminescence Spectrometer
(Rochester, NY) at 350 nm (90-degree scattering) over 10 min. Re-
laxation times, t, were determined using the following equation: x 5
a0exp(2t/t), where a0 is the change in amplitude associated with t
over time, t (sec). We used x2 determinations to select the best fits of
the data using Origin 3.5.

Results
Vinorelbine- and vinflunine-induced tubulin spiral

formation. The association of 2 mM PC-tubulin (10 mM

PIPES, pH 6.9, 1 mM MgSO4, 2 mM EGTA, 50 mM GXP) in the
presence of vinorelbine or vinflunine (0.5–70 mM) was studied
with the use of sedimentation velocity at 5°, 15°, 25°, and 37°.
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Fig. 1 shows weight average sedimentation coefficients, s̄20,w,
plotted versus drug concentrations for both drugs at each
temperature. We found that increasing the temperature re-
sulted in larger s̄20,w values for vinorelbine and vinflunine,
although the maximum s values in the presence of vinflunine
are considerably smaller than those for vinorelbine. For ex-
ample, at 37° in the presence of GDP (Fig. 1a), the maximum
s̄20,w values for vinorelbine are ;18 S, whereas for vin-
flunine, the maximum values are near 11 S. Data were fit
with the ligand-mediated model or ligand-mediated plus li-
gand-facilitated (combined) model to obtain equilibrium con-
stants (Tables 1 and 2). Fits with either the ligand-mediated
model or combined model were indistinguishable in terms of
the standard deviation of the fits. At 5°, 15°, and 25°, vinorel-
bine interacts with tubulin with 3–16-fold higher overall
affinity, K1K2, than vinflunine, depending on the model used
to determine the binding parameters (Tables 1 and 2). Thus,
the modifications involving the C209 difluorination (IUPAC
numbering system is used throughout) and the lack of the
39,49 double bond in vinflunine may result in this decrease in
its overall affinity for tubulin.

The fitted parameters determined at 37° do not show this
difference between vinorelbine and vinflunine. We observed
in the 37° data a prominent 20 S shoulder in the g(s) plots at
low drug concentration. To investigate the significance of
these larger aggregates, we carried out sedimentation veloc-
ity studies with 2 mM tubulin in the absence of drug over a
range of temperatures of 25–37° (data not shown). We found
that at temperatures of $30°, the 20 S shoulder becomes
significant, indicating the formation of higher order aggre-
gates, probably due to tubulin denaturation. At low drug
concentrations, there is a small but significant portion of the
unliganded tubulin at 37° forming larger aggregates that
sediment faster than the liganded tubulin spirals. Because of

the aggregation of unliganded tubulin, we used only data
from 3–70 mM in fitting the 37° data, rather than from 0.5–70
mM (Tables 1 and 2). Even with this editing, the ligand-
mediated models may not describe the data collected at 37°,
and the binding parameters may be unreliable. A more de-
tailed study of high temperature tubulin denaturation will be
presented elsewhere (Vulevic B, Lobert S, and Correia JJ,
manuscript in preparation).

The K2
app is the drug-dependent indefinite self-association

constant for tubulin spiral formation (Na and Timasheff,
1985). Because self-association is linked to drug binding, it is
a measure of the extent of overall drug binding. Fig. 2 shows
plots of K2

app versus free drug concentrations for the data
collected in the presence of GDP (Fig. 2a) or GTP (Fig. 2b)
and fit with the ligand-mediated model. The K2

app was cal-
culated from individual binding affinities, K1 and K2, as
described in the legend. It is clear that significantly more
spiral formation occurs with vinorelbine than with vinflunine
at all temperatures studied. According to the Wyman (1964)
linkage theory, this means that more vinorelbine binds to
tubulin than vinflunine under all comparable conditions.

We do not find a significant difference in K1, drug binding
to tubulin heterodimers, for vinorelbine and vinflunine (Ta-
bles 1 and 2). The mean K1 values found in these studies at
5°, 15°, and 25° for vinorelbine and vinflunine (both nucleo-
tides and both models) are 9.5 6 3.0 3 104 M21 and 6.5 6
2.7 3 104 M21, respectively. Note that our previous value for
vinorelbine under similar conditions, 5° and 25°, was 1.1 6
0.3 3 105 M21 (Lobert et al., 1996). The low degree of associ-
ation with these drugs potentially makes parameter estima-
tion difficult. To verify the reliability of K1 values, we carried
out titrations of 4 mM tubulin with vinorelbine and vinflunine
in the presence of GTP at 25° (Table 1). At this higher protein
concentration, the extent of association is enhanced, and in

Fig. 1. Plots of s̄20,w values versus
free concentrations of vinorelbine
(f, M) or vinflunine (F, E) at 37°
(A), 25° (B), 15° (C), or 5° (D). Tu-
bulin in all experiments was 2 mM

in the presence of 50 mM GTP (open
symbols) or GDP (closed symbols).
Solid lines, fits using the ligand-
mediated model. The equilibrium
constants obtained from these fits
are given in Tables 1 and 2.
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principle, parameter estimation should be improved. We ob-
tained nearly identical K1 values compared with the 2 mM

tubulin data, 1.1 6 0.3 3 105 M21 and 7.2 6 3.4 3 104 M21,
averaged over both models for vinorelbine and vinflunine
(Table 1). For the 2 mM tubulin data at 25°, the K1 values
were 1.2 6 0.2 3 105 M21 and 6.9 6 2.8 3 104 M21. Thus,
within the error of these measurements, there is no differ-
ence in K1 values for these two drugs.

The difference between vinorelbine- and vinflunine-in-
duced spiral formation at 5°, 15°, 25°, and 37° is primarily in
K2, liganded heterodimers binding to spirals, when data are
fit with either model (Tables 1 and 2). For vinorelbine data fit
with the ligand-mediated model, K2 is 4–14-fold larger than
that for vinflunine. This amounts to 0.82–1.56 kcal/mol en-
hancement for vinorelbine compared with vinflunine. For the

combined model, the K2 enhancement by vinorelbine is
smaller, only 2–7-fold (0.41–1.15 kcal/mol), whereas the en-
hancement in K3, drug binding to polymers, is 3–16-fold
(0.65–1.64 kcal/mol). Thus, spiral formation and drug bind-
ing to spirals are significantly reduced in the presence of
vinflunine compared with vinorelbine.

GDP enhancement of vinorelbine- and vinflunine-
induced tubulin spiral formation. GDP enhances vinorel-
bine- and vinflunine-induced tubulin self-association (Fig. 1
and Table 3). The mean GDP enhancement in K1K2 for the
data collected at 5°, 15°, and 25° is equal to 0.84 6 0.20
kcal/mol for data fit with both models (Table 3). This agrees
well with our previous report of a mean GDP enhancement of
0.90 6 0.17 kcal/mol for vinblastine, vincristine, and vinorel-
bine (Lobert et al., 1996). When data are fit with the ligand-

TABLE 1
Equilibrium constants for the interaction of vinca alkaloids with tubulin

Drug Temperature GXP K1 K2 K3 K1K2 Standard deviation

M
21

M
22

2 mM tubulin
Vinorelbine 5° GTP 7.4 3 104 6 1.2 6.7 3 105 6 0.7 5.0 3 1010 0.2a

4.7 3 104 6 0.7 9.1 3 104 6 3.1 4.3 3 105 6 0.7 4.3 3 109 0.2b

Vinflunine 4.4 3 104 6 4.3c 7.3 3 104 6 5.0 3.2 3 109 0.2a

1.3 3 104 6 3.1 4.9 3 104 6 16.0 6.4 3 104 6 12.0 6.4 3 108 0.3b

Vinorelbine 15° 7.7 3 104 6 1.8 1.3 3 106 6 0.2 1.0 3 1011 0.5a

5.4 3 104 6 0.5 1.2 3 105 6 0.2 6.5 3 105 6 0.5 6.5 3 109 0.4b

Vinflunine 9.7 3 104 6 3.0 1.3 3 105 6 0.2 1.3 3 1010 0.1a

3.9 3 104 6 0.5 4.2 3 104 6 1.0 1.6 3 105 6 0.2 1.6 3 109 0.2b

Vinorelbine 25° 1.3 3 105 6 0.2 1.1 3 106 6 0.8 1.4 3 1011 0.3a

1.0 3 105 6 0.05 1.1 3 105 6 0.1 1.1 3 106 6 0.4 1.1 3 1010 0.3b

Vinflunine 8.8 3 104 6 2.0 3.0 3 105 6 0.4 2.6 3 1010 0.2a

4.9 3 104 6 0.1 6.0 3 104 6 0.3 2.9 3 105 6 0.1 2.9 3 109 0.2b

Vinorelbine 37° 1.6 3 105 6 0.3 1.6 3 106 6 0.1 2.6 3 1011 0.5a

1.3 3 105 6 0.03 1.3 3 105 6 0.06 1.7 3 106 6 0.03 1.7 3 1010 0.5b

Vinflunine 6.4 3 105 6 1.7 3.2 3 105 6 0.2 2.1 3 1011 0.2a

4.6 3 105 6 0.7 5.6 3 104 6 2.2 2.6 3 106 6 0.4 2.6 3 1010 0.3b

4 mM tubulin
Vinorelbine 25° 1.3 3 105 6 0.2 1.1 3 106 6 0.07 1.4 3 1011 0.4a

9.3 3 104 6 0.4 1.1 3 105 6 0.1 1.0 3 106 6 0.04 1.0 3 1010 0.3b

Vinflunine 9.6 3 104 6 1.9 2.7 3 105 6 0.3 2.6 3 1010 0.3a

4.8 3 104 6 0.1 5.7 3 104 6 0.2 2.7 3 105 6 0.04 2.7 3 109 0.2b

a Data were fit with the ligand-mediated model.
b Data were fit with the combined ligand-mediated plus-facilitated model, and K4 was constrained to be 1 3 104

M
21.

c Note that the error for these parameters is larger than those found in other data sets. This is most likely due to the low level of spiral formation with this drug, especially
at low temperature, and therefore very shallow data curves are fit with the two models. We find that the standard deviations of the fits are equivalent to other data sets and
therefore the estimates of binding affinities are useful for comparing data collected under other conditions.

TABLE 2
Equilibrium constants for the interaction of vinca alkaloids with tubulin

Drug Temperature GXP K1 K2 K3 K1K2 Standard deviation

M
21

M
22

2 mM tubulin
Vinorelbine 5° GDP 8.6 3 104 6 1.6 3.8 3 106 6 0.4 3.3 3 1011 0.7a

7.0 3 104 6 0.5 2.0 3 105 6 0.3 1.4 3 106 6 0.09 1.4 3 1010 0.6b

Vinflunine 9.9 3 104 6 3.1 2.8 3 105 6 0.4 2.8 3 1010 0.2a

4.9 3 104 6 0.6 5.8 3 104 6 1.2 2.8 3 105 6 0.3 2.8 3 109 0.2b

Vinorelbine 15° 1.4 3 105 6 0.2 4.8 3 106 6 0.3 6.7 3 1011 0.5a

1.2 3 105 6 0.06 2.2 3 105 6 0.2 2.6 3 106 6 0.1 2.6 3 1010 0.5b

Vinflunine 7.4 3 104 6 1.5 8.4 3 105 6 1.0 6.2 3 1010 0.3a

4.8 3 104 6 0.4 9.8 3 104 6 1.4 4.7 3 105 6 0.3 4.7 3 109 0.3b

Vinorelbine 25° 1.3 3 105 6 0.3 5.1 3 106 6 0.6 6.6 3 1011 1.0a

1.1 3 105 6 0.1 2.3 3 105 6 0.4 2.5 3 106 6 0.2 2.5 3 1010 1.0b

Vinflunine 1.0 3 105 6 0.3 1.2 3 106 6 0.2 1.2 3 1011 0.5a

7.5 3 104 6 0.2 1.1 3 105 6 0.1 8.5 3 105 6 0.2 8.5 3 109 0.5b

Vinorelbine 37° 1.1 3 105 6 0.2 6.0 3 106 6 0.6 6.6 3 1011 0.8a

9.2 3 104 6 0.6 2.5 3 105 6 0.4 2.3 3 106 6 0.1 2.3 3 1010 0.7b

Vinflunine 3.1 3 105 6 0.9 9.3 3 105 6 0.9 2.9 3 1011 0.6a

2.3 3 105 6 0.5 9.4 3 104 6 5.9 2.2 3 106 6 0.6 2.2 3 1010 0.6b

a Data were fit with the ligand-mediated model.
b Data were fit with the combined ligand-mediated plus-facilitated model, and K4 was constrained to be 1 3 104

M
21.

Vinorelbine and Vinflunine Binding to Tubulin 911

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


mediated model, the effect of GDP occurs primarily on K2, the
affinity for association of liganded heterodimers, rather than
on K1, the affinity for drug binding to the heterodimer. For
the combined model, the GDP enhancement occurs primarily
in K2 and K3. This is consistent with our expectations of
Wyman linkage, where drug binding enhances self-associa-
tion and self-association enhances drug binding (Lobert et al.,
1995).

Comparison of vinorelbine and vinflunine thermo-
dynamic parameters. Table 4 gives the thermodynamic
parameters obtained from Van’t Hoff analysis of the data
collected at 5°, 15°, and 25°. As discussed, the equilibrium
constants determined from fits of the data at 37° are not
reliable and thus were not used in this analysis. The overall
affinity, K1K2, from ligand-mediated fits was used to calcu-
late DG. Similar results were obtained from combined model
fits (data not shown). Plots of lnK1K2 versus 1/T were used to
determine DH (data not shown). The free energy, DG°, at 25°,
for vinflunine binding in the presence of GTP was less neg-
ative than that for vinorelbine binding: 214.2 and 215.2
kcal/mol, respectively. In the presence of GDP, the values
were 215.1 and 216.1, respectively. Thus, the smaller K2

and K1K2 values for vinflunine-induced tubulin self-associa-
tion are reflected in the less negative DG. The DH° and DS°
values are consistent with an entropically driven polymer-
ization process, although the absolute values are model de-
pendent (Table 4). The unfavorable DH° in general is com-
pensated by a positive DS°, regardless of the model used to fit
the data. We showed previously that DH° is larger for drugs
with smaller K1K2 values (Lobert et al., 1996). Likewise in
this case, DH° is larger for vinflunine compared with vinorel-
bine.

Stopped-flow light-scattering drug dilution. To inves-
tigate the kinetics of drug-induced tubulin association, we
used rapid-mixing stopped-flow light scattering (Fig. 3). Data
were best fit with single exponentials to obtain the relaxation
times given in Table 5. In this table, A1 represents the
change in the light-scattering signal, and t is the relaxation
time in seconds. It can be seen that the relaxation times for
vinflunine are slightly shorter than those for vinorelbine
(range, 2.14–20.90 versus 10.68–25.25 sec, respectively).
This is consistent with a model that involves a cascade of
dissociation events from larger to smaller polymers on dilu-
tion. The larger polymers for vinorelbine versus vinflunine
(Fig. 1) are consistent with these longer average relaxation
events for vinorelbine. Furthermore, the relaxation time de-
creases with increasing tubulin concentration (Table 5). This
has been observed previously in the relaxation data for vin-

Fig. 2. Plots of K2app versus free drug concentrations. The K2app was
calculated using equilibrium constants from ligand-mediated fits of the
data {K2app 5 K2/(1 1 1/K1[drug])2}. Bold lines, vinorelbine data. Light
lines, vinflunine data. —, 5°; – –, 15°; - - -, 25°; – - – -, 37°. Data were
collected in the presence of GDP (A) or GTP (B). The data fit with the
combined model demonstrates the same difference for vinorelbine and
vinflunine overall drug binding (data not shown).

TABLE 3
DDG GDP enhancement

Ligand-mediated fits

K1 K2 K1K2

kcal/mola

5°
Vinorelbine 0.083 0.959 1.042
Vinflunine 0.448 0.742 1.198

15°
Vinorelbine 0.342 0.747 1.088
Vinflunine 20.154 1.067 0.894

25°
Vinorelbine 0 0.908 0.918
Vinflunine 0.075 0.820 0.906

Mean 1.008 6 0.123
37°

Vinorelbine 20.231 0.814 0.573
Vinflunine 20.447 0.657 0.198

Combined model fits

K1 K2 K3 K1K2

kcal/mola

5°
Vinorelbine 0.220 0.435 0.655 0.652
Vinflunine 0.732 0.093 0.833 0.833

15°
Vinorelbine 0.457 0.347 0.793 0.793
Vinflunine 0.119 0.485 0.617 0.617

25°
Vinorelbine 0.056 0.437 0.486 0.486
Vinflunine 0.252 0.359 0.637 0.637

Meanb 670 6 0.126
37°

Vinorelbine 20.213 0.403 0.186 0.186
Vinflunine 20.427 0.319 20.102 20.102

a DDG 5 DGgdp 2 Dggtp
b For both models, the mean K1K2 enhancement 5°, 15°, and 25° 5 0.839 6 0.203.

TABLE 4
Thermodynamic parameters for tubulin-vinca alkaloid interaction at
25°

Ligand-mediated

K1K2 DG° DS° DH°

M
22 kcal/mol cal/mol2°K kcal/mol

Vinorelbine
GTP 1.4 3 1011 215.2 76 7.4a

GDP 6.6 3 1011 216.1 69 4.4a

Vinflunine
GTP 2.6 3 1010 214.2 98 15.1a

GDP 1.2 3 1011 215.1 87 10.9a

a Data from three temperatures only (5°, 15°, and 25°).
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blastine (Lobert et al., 1996) and in the synchrotron data of
Nogales et al. (1995). It suggests that in addition to liganded
heterodimers adding to or dissociating from polymers, oli-
gomers can self-associate or dissociate in a mechanism con-
sistent with annealing of spiral polymers.

To obtain the on rate, ka, and the off rate, kd, for vinorel-
bine and vinflunine, the squares of the reciprocals of the
relaxation times (1/t2) were plotted against the final tubulin
concentrations (Table 6). Vinorelbine has a smaller off rate,
kd, than vinflunine: 0.043 and 0.185 sec21, respectively.
However, the binding affinities, determined from the ratio
ka/kd, are very similar (probably due to larger error in the
light-scattering method): 5.6 3 105 M21 and 5.4 3 10 5 M21 for
vinorelbine and vinflunine, respectively. Note that the K2

values determined from sedimentation velocity data at 25°,
fit with the ligand-mediated model, are reasonably consistent

with this result: 1.1 3 106 M21 and 3.0 3 105 M21 for vinorel-
bine and vinflunine, respectively. Thus, we conclude that the
mechanism of spiral formation for these two drugs is identi-
cal, meaning that spiral formation occurs by addition of het-
erodimers and oligomers.

Discussion
Mechanism of vinca alkaloid-induced tubulin asso-

ciation. Stopped-flow light-scattering data demonstrated
that vinorelbine, vinblastine, and vincristine-induced tubu-
lin self-association occurs by a similar mechanism for all
three drugs (Lobert et al., 1996). The relaxation data can be
analyzed according to the theory developed by Thusius et al.
(1975). They showed for glutamate dehydrogenase that re-
laxation times decrease with increasing protein concentra-
tion, indicating that self-association occurs by both associa-
tion of single protein subunits to the ends of polymers and by
association of oligomers. We propose that for all four vinca
alkaloids investigated, vinorelbine, vinblastine, vincristine,
and vinflunine, oligomer annealing can occur, in addition to
liganded heterodimers adding to the ends of spirals. This is
consistent with our proposed mechanism of microtubule in-
hibition in which spirals anneal to the ends of microtubules
and suppress dynamics (Lobert et al., 1995, 1996, 1997).
Within error, the binding affinity, Kapp, values for vinorel-
bine and vinflunine determined by light-scattering kinetics
are reasonably consistent with our sedimentation velocity
data. Note that if light-scattering data collected here for
vinorelbine are combined with previous light-scattering data
collected for vinorelbine (Lobert et al., 1996), the estimated
Kapp is 9.4 3 105 M21 rather than 5.6 3 105 M21 as reported
here in Table 6. These combined data give a value closer to
the K2 value estimated on the basis of sedimentation velocity
at 25° (Table 1; K2 5 1.1 6 0.8 3 106 M21). These Kapp values
correspond to a DDG°, DGvinorelbine 2 DGvinflunine, of 0.33
kcal/mol. In other words, with light scattering measure-
ments, spiral formation induced by vinorelbine is favored by
0.33 kcal/mol relative to vinflunine.

These kinetic data contribute to understanding the results of
iodoacetamide alkylating experiments in the presence of vinca
alkaloids (Kruczynski et al., 1998a). Over a 2-hr period, vincris-
tine and vinblastine continue to inhibit alkylation of sulfhydr-
yls, whereas in the presence of vinorelbine or vinflunine, alky-
lation is not inhibited. If tubulin in spirals is a poor substrate for
alkylation, then the overall affinity for spiral formation should
be a measure of inhibition of alkylation. Furthermore, smaller
spirals will exchange tubulin heterodimers more readily. Relax-
ation times for vinorelbine-induced spirals are 2–3-fold shorter
than those for vinblastine-induced spirals (Lobert et al., 1996).
Relaxation times for vincristine-induced spirals are several-fold
longer than those for vinblastine-induced spirals. We report

Fig. 3. Stopped-flow light-scattering experiments with vinflunine (A)
and vinorelbine (B). The relative intensity is plotted versus time. The
drug concentrations in this experiment were initially 70 mM, and the
tubulin concentrations were initially 4 mM. The sample was diluted 1:1
with the appropriate buffer at the onset, and light scattering was moni-
tored over 2 min at 1-sec intervals. Dashed line, single exponential fit of
the data.

TABLE 5
Stopped-flow light scattering

Drug [Tubulin]
(initial) A1a t

mM sec

Vinflunine 1.2 0.657 6 0.085 20.90 6 16.54
1.4 0.412 6 0.094 7.82 6 4.40
1.8 0.964 6 0.184 2.65 6 1.43
2.8 1.399 6 0.186 2.14 6 0.97
4.0 1.080 6 0.233 2.71 6 0.80

Vinorelbine 0.6 0.150 6 0.018 25.25 6 20.88
1.0 0.378 6 0.013 15.71 6 4.12
2.0 1.738 6 0.216 11.00 6 2.02
4.0 2.676 6 0.189 10.68 6 3.21

a A1 is the change in light scattering signal, and t is the relaxation time.
Drug dilution from 70 to 35 mM, 10 mM PIPES, pH 6.9, 2 mM EGTA, 1 mM MgSO4,

50 mM GTP.

TABLE 6
Light scattering data

Drug GXP ka kd Kapp

M
21sec21 sec21

M
21

Vinorelbine GTP 2.4 3 104 0.043 5.6 3 105

Vinflunine GTP 1.0 3 105 0.185 5.4 3 105

Relaxation data were plotted as final tubulin concentration (Ct) versus 1/t2 and fit
by linear regression. 1/t2 5 4 kakdM21 Ct 1 kd

2 (Thusius et al., 1975), where M is the
molecular weight of the tubulin heterodimer, 100,000 Da.
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here that exchange of liganded heterodimers in vinflunine-in-
duced tubulin spirals is even more rapid than that in vinorel-
bine-induced spirals. Thus, in the presence of either vinorelbine
or vinflunine, tubulin heterodimers are more readily exposed to
alkylation than when vinblastine or vincristine is present. This
differential exposure of sulfhydryls can occur even though the
conformations of the drug-induced spirals are similar.

Analysis of the sedimentation velocity data in terms of
overall binding affinity, K1K2, has shown that the order of
vincristine . vinblastine . vinorelbine (Lobert et al., 1996).
For data fit with the ligand-mediated model, the difference
DGvincristine 2 DGvinblastine, or DDG°, is 0.68 kcal/mol. Com-
paring the same model fits for vinblastine minus the data
reported here for vinorelbine, we find that DGvinblastine 2
DGvinorelbine, DDG°, is 0.88 kcal/mol. The difference between
vinorelbine and vinflunine, DGvinorelbine 2 DGvinflunine,
amounts to a DDG° value of 1.00 kcal/mol. Data fit with the
combined model show the same trends, but the magnitudes of
the differences are somewhat smaller. Thus, vinorelbine-
induced tubulin self-association is favored relative to vin-
flunine as demonstrated by sedimentation velocity data and
supported by the kinetic data.

When individual parameters are examined, we find that the
binding affinity of vinorelbine, vinblastine, or vincristine for
tubulin heterodimers, K1, is identical within error for all three
drugs, 1.6 6 0.3 3 105 M21 at 25° (Lobert et al., 1996). For the
vinorelbine and vinflunine data reported here at 25°, the mean
K1 value is 9.6 6 2.7 3 104 M21. Thus, there is no significant
difference in the affinity of tubulin heterodimers for any of the
vinca alkaloids studied. As found with vinorelbine, vinblastine,
and vincristine, the major differences between vinorelbine and
vinflunine are in the affinity of liganded heterodimers for poly-
mers, K2, and in the affinity of drug for polymers, K3.

GDP enhances vincristine-, vinblastine-, and vinorelbine-
induced tubulin self-assembly relative to GTP by 0.90 6 0.17
kcal/mol (Lobert et al., 1996). In the work described here, we
find the same GDP enhancement of vinorelbine- and vin-
flunine-induced tubulin spiral formation, 0.84 6 0.20 kcal/
mol. The GDP enhancement occurs primarily in K2 and K3. It
seems that GDP enhancement must be due to an intrinsic
allosteric feature of the tubulin structure. The GDP enhance-
ment of vinca alkaloid-induced tubulin self-association ob-
served now with four vinca alkaloids, vincristine, vinblas-
tine, vinorelbine, and vinflunine suggests that spirals may
propagate into the microtubule core by a zipper-like or pro-
tofilament-peeling mechanism (Himes, 1991; Lobert et al.,
1995). These results indicate that a destabilizing effect on the
GDP core of microtubules is a common mechanism in vinca
alkaloid chemotherapeutics. Our kinetic results indicate that
spirals or liganded heterodimers could associate with micro-
tubule ends, suppressing dynamics. All four vinca alkaloids
have the same energetic potential for propagation of spirals
into the microtubule core and disrupting lateral interactions.
Thus, a nucleotide-dependent allosteric effect is exhibited by
all vinca alkaloids, such that drug binding induces the same
cooperative depolymerization of mitotic spindles.

Implications for in vivo chemotherapeutic effects.
Biosynthesis of vinca alkaloids involves a coupling reaction of
the two precursors, catharanthine and vindoline. During this
reaction, catharanthine undergoes a rearrangement to the
cleavamine skeleton. This structure is not directly compara-
ble to that of catharanthine. However, Prakash and Ti-

masheff (1991) found that catharanthine will inhibit micro-
tubule polymerization in vitro and induce tubulin self-
association, although the magnitude of the effect is less than
the “dimeric” vinblastine or vincristine. Borman and Kuehne
(1989) showed that modification of vinblastine at the C49
position alters the drug activity in vitro and in vivo. Vinorel-
bine is a vinblastine derivative modified at C49 with an eight-
instead of the nine-membered C9 ring of the natural com-
pounds. It was synthesized in the late 1970s (Mangeney et
al., 1979) and shown to have a different spectrum of clinical
activity from vincristine and vinblastine and an improved
toxicity profile in cancer patients (Johnson et al., 1996). Our
biophysical studies demonstrate that vinorelbine binds to
tubulin with much weaker overall affinity, K1K2, than vin-
blastine or vincristine, resulting in the formation of smaller
spirals. The weaker binding is not in the drug binding to
tubulin heterodimers but rather in the affinity of liganded
heterodimers for spiral polymers. This results in the forma-
tion of smaller spirals. The results presented here demon-
strate that vinflunine is a tubulin-binding drug, inducing
smaller spirals than vinorelbine. These data suggest that like
other vinca alkaloids, the antineoplastic effects of vinflunine
are a direct result of its interaction with mitotic spindles,
most likely in the form of small liganded spiral polymers. We
want to stress that this a novel way of thinking about the
mode of action of this class of antineoplastic agents.

We hypothesize that reduced neurotoxicity of vinorelbine
compared with that of vincristine is due to two coupled phe-
nomena. First, less vinorelbine binds, and therefore less tu-
bulin is bound to these smaller spirals. Second, small spirals
have a more rapid relaxation time and thus a potential for
faster clearance from cells. It is well known that vinca alka-
loid retention in cells and tissues correlates with drug po-
tency (Houghton et al., 1984, 1987; Gout et al., 1984; Fergu-
son and Cass, 1985; Mullin et al., 1985; Sirotnak et al., 1986).
It is very likely that drug-induced tubulin spiraling contrib-
utes to drug retention and cytotoxicity. Larger spirals should
result in longer intracellular drug retention, as found with
vincristine compared with vinblastine (Houghton et al.,
1987). We showed that for vinorelbine, vinblastine, and vin-
cristine, drug spiraling correlates with clinical doses and
toxicity (Lobert et al., 1996). Most recently, vinflunine, a
difluorinated derivative of vinorelbine, modified uniquely at
the C209 position with a reduction of the 39,49 double bond on
the cleavamine moiety (Fahy et al., 1997) has demonstrated
preclinical antineoplastic activity. Definite in vivo antitumor
activity has been demonstrated (Kruczynski et al., 1998b)
and in vitro mitotic arresting and tubulin interacting prop-
erties have been identified (Barret et al., 1997). Specifically,
the four vincas differentially interfere with the binding of
tritiated vincas to tubulin as follows: vincristine . vinblas-
tine . vinorelbine . vinflunine. Consistent with these find-
ings, we have shown in the studies described here that vin-
flunine binds with several-fold lower overall affinity to
tubulin than vinorelbine and, consequently, induces smaller
spirals with a more rapid relaxation time. Thus, according to
our hypothesis, we predict that vinflunine will have reduced
toxicity compared with other vinca alkaloids.

There are conflicting reports comparing in vitro drug bind-
ing affinities and in vivo cytotoxicity. Plasma drug levels at
steady state reach nanomolar concentrations. Furthermore,
relative to extracellular levels, vinca alkaloids accumulate in
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cells several-fold to $100-fold depending on the cell type
(Gout et al., 1984; Jordan et al., 1991). Intracellular drug
concentrations remain substoichiometric relative to the in-
tracellular tubulin, which is estimated to be near 20 mM

(Jordan et al., 1991). One study indicated that although vin-
desine binds to tubulin with lower affinity than vincristine, it
has greater efficacy when B16 melanoma cells are exposed
for 2 hr and transplanted into mice (Jordan et al., 1985). A
later study demonstrated comparable cytotoxic effects in B16
melanoma cells for vincristine and vindesine after 43-hr ex-
posure (Singer and Himes, 1992). In the same study, vinepi-
dine was found to be less cytotoxic than vincristine, although
its Kapp value was larger. However, vinepidine uptake into
cells was by far the lowest after 90-min exposure. Clearly,
duration of exposure of cells to vincas is an important con-
tributor to cytotoxicity. It should be noted that in cancer
patients, the plasma terminal half-lives of these drugs are
1–3.5 days. Therefore, tissues are exposed to drugs over a
period of several days. In fact, in animal studies, vinepidine
plasma levels have not reached plateau even at 72 hr, and its
cytotoxicity falls between vinblastine and vincristine (Mullin
et al., 1985). We now have data showing that the overall
affinity of vinepidine for tubulin falls between vincristine
and vinblastine (Lobert and Correia, 1997). Our studies re-
ported here suggest that the formation of larger spirals re-
sults in relatively longer retention in cells and tissues and
greater potential for toxicity, as observed with vincristine
and vinepidine. This does not exclude the importance of other
parameters that contribute to pharmacokinetics (e.g., lipid
solubility and drug uptake into tissues and cells). Additional
factors that lead to prolonging the drug terminal half-life
may also contribute to toxicity. We assert that all of these
factors are important for a quantitative understanding of the
time course for cellular and clinical toxicity.
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