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ABSTRACT

Dilantin (phenytoin) is a commonly used antiepileptic agent that is
known to decrease conductance of sodium and calcium ions and delay
outward potassium currents. Separate from its antiseizure activity, dilan-
tin interferes with microtubule protein polymerization. It induces met-
aphase arrest and potentiates the effects of the antimitotics vincristine and
vinblastine in cell culture. We show here by fluorescence binding studies
that dilantin interacts directly with tubulin at a low affinity site [ Ka 5 3.5
(6 2.5) 3 103 M21; Kd 5 286 mM]. We quantitatively examined the effect
of dilantin on bulk microtubule formation and found that the drug raises
the critical concentration for microtubule polymerization in 2 M glycerol
identically in the presence or absence of vinblastine. The change in free
energy for microtubule polymerization attributable to 400 mM dilantin
[DD G 5 117 (6 28) cal/mol] is additive with vinblastine effects. Under the
same conditions, mean microtubule lengths are 7.76 4.3 mm (n 5 558)
and 7.4 6 4.0 mm (n 5 477) in the presence or absence of dilantin,
respectively. Dilantin has no effect on vinblastine-induced tubulin spiral
formation, as measured by sedimentation velocity. Our data suggest that
the mechanism for the antimicrotubule effects of dilantin involves seques-
tration of tubulin heterodimers in 1:1 drug:tubulin complexes that do not
participate in tubulin polymerization. The dilantin binding site is distinct
from the Vinca binding site, and these independent binding modes account
for the additive effects in vitro. The sequestration of tubulin heterodimers
could explain the combined drug synergy in cell cultures if it disrupted
interactions with proteins that regulate microtubule dynamics and/or cell
cycle events.

INTRODUCTION

For over 30 years,Vinca alkaloids (vinblastine, vincristine, and
more recently, vinorelbine) have played a major role in cancer chem-
otherapy. They cause mitotic arrest by interacting with tubulin het-
erodimers and mitotic spindle microtubules.Vinca alkaloids inhibit
the polymerization of tubulin into microtubules, and it has been
suggested thatin vivo Vincasact at the ends of microtubules and
diminish an essential aspect of cell division, dynamic instability (1, 2).
Vincaalkaloids produce their antitumor effects by halting cell division
at metaphase; however, their efficacy is limited by their primary
toxicities. Vinca binding to tubulin is linked to spiral formation, a
phenomenon proposed to be significant for drug action and toxicity
(3–6). Vincristine and vinblastine are very similar structurally (sub-
stitution of a formyl group for a methyl group in vincristine compared
with vinblastine), but the dose-limiting toxicity for vincristine is
neurotoxicity, whereas bone marrow toxicity limits the use of vin-
blastine (reviewed in Ref. 7). The reasons for these different tissue-
specific toxic effects are not known. Chemotherapy regimens with
drug combinations that reduce the toxic effects ofVincaswill enhance
their antineoplastic usefulness, and thus the potential for therapeutic
strategies using multiple antimicrotubule agents with different modes

of action is under investigation (8–11). The combination of dilantin
(phenytoin) and vinblastine is reported to be in Phase I trials (12).

Dilantin (phenytoin) is commonly used for its antiepileptic prop-
erties. It stabilizes membranes in neurons and cardiac myocytes (13)
and is known to decrease conductance of sodium and calcium ions and
delay outward potassium currents. Some of the effects of dilantin on
neuronal synaptic signaling may be due indirectly to its effects on
microtubules. Dilantin inhibits a Ca21-calmodulin tubulin kinase
(14), thereby diminishing phosphorylation that occurs uniquely on
neuron-specificb-class III tubulin. Thus, the inactivation of the tu-
bulin kinase may affect utilization of tubulin at synaptic terminals.
Separate from its action as an antiseizure agent, dilantin is known to
interfere with microtubule polymerization (15–17). In cells, it also
induces metaphase arrest, suggesting it could affect mitotic spindles.
It weakly displaces the antimitotic colchicine from its tubulin binding
site, but unlike colchicine, it was not shown to depolymerize micro-
tubules. Because colchicine binds to tubulin at a site separate from the
Vincaalkaloid binding site, this result suggests that dilantin also does
not bind at theVinca alkaloid binding site. Note that these previous
studies were carried out with purified microtubule protein (tubulin
plus MAPs3). Although inhibition of tubulin polymerization was
shown to be necessary for metaphase arrest by dilantin (16), it is not
known whether MAPs are involved in its antimicrotubule activity.
MAPs are known to stabilize microtubules. During cell division,
MAPs are hyperphosphorylated and released from microtubules,
thereby increasing mitotic spindle dynamics.

Most recently, dilantin was shown to enhance the effects of the
antimitotics vincristine and vinblastine in cell culture (12, 18). This
enhancement was described as “synergy” because the combined effect
was greater than that produced by either vinblastine or dilantin alone,
and the dilantin concentrations in these experiments were much lower
than those needed to inhibit microtubule polymerization. It was shown
that dilantin does not significantly affect intracellular vincristine con-
centrations, and thus, the synergy was not due to diminishing drug
efflux caused by P-glycoprotein. An increase in apoptotic response
was observed when cell cultures are exposed to both vinblastine and
dilantin compared with single agents (12). The origin of this dilantin-
Vinca alkaloid synergy remains uncertain.

The goal of the work described here was to evaluate and quantify
the molecular basis for combined vinblastine and dilantin therapy
throughin vitro experiments. Comparisons at the drug receptor level
are essential for understanding the clinical efficacy and toxicity of
these drugs in combination. A synergistic interaction in cell culture
suggests a cooperative interaction at the molecular level. Our data
indicate that effects of combined dilantin and vinblastine on micro-
tubule assembly are additive and not cooperative. Dilantin does not
alter vinblastine-induced tubulin spiral size or microtubule length. Our
data suggest thatin vitro dilantin enhances vinblastine effects by
sequestering tubulin in liganded heterodimers that do not participate
in microtubule polymerization. This sequestration of tubulin het-
erodimers could explain the combined drug synergy in cell cultures if
it disrupted interactions with proteins that regulate microtubule dy-
namics and/or cell cycle events.
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MATERIALS AND METHODS

Reagents.Deionized (Nanopure) water was used in all experiments.
DMSO, MgSO4, EGTA, GTP (type II-S), glycerol, Pipes, podophyllotoxin,
vinblastine sulfate, and dilantin (5,5 diphenylhydantoin) were purchased from
Sigma Chemical Co. Sephadex G-50 was from Pharmacia.

Tubulin Purification. MTP from porcine brain was obtained by two cycles
of warm-cold polymerization-depolymerization. Purified tubulin (PC-tubulin)
free of MAPs was obtained by the addition of a final phosphocellulose
chromatography step to separate tubulin from MAPs (19, 20). Protein concen-
trations were determined spectrophotometrically (e278 5 1.2 l/g-cm; Ref. 21).

Critical Concentrations. PC-tubulin (1–3.5 mg/ml) was polymerized in
100 mM Pipes (pH 6.9), 1 mM MgSO4, 2 mM EGTA, 1 mM GTP, and 2M

glycerol. MTP (0.6- 3 mg/ml) was polymerized in the same buffer without
glycerol. Microtubule formation was monitored using a Gilford Response II
UV-VIS scanning spectrophotometer equipped with a cooling Peltier cell
holder. Prior to polymerization, samples were degassed on ice for 30 min, and
baseline data were collected at 4°C and 350 nm. The temperature was in-
creased to 37°C, and solutions were monitored at 350 nm for 45 min. Solutions
were cooled to 0°C, and a second baseline was recorded. The change in
absorbance was plottedversus tubulin concentration after subtracting the
second baseline from the plateau absorbance at 45 min. The critical concen-
tration was determined from the X-intercept of the linear regression fits of the
data. Critical concentrations were determined by combining the data from two
or more independent experiments. Three different tubulin preparations were
used in these experiments. To determine the effect of drugs on the critical
concentrations, experiments were carried out in the presence or absence of
dilantin (200, 400, and 600mM) or vinblastine (0.5, 1, and 1.5mM). Experi-
ments with combined 400mM dilantin plus vinblastine (0.5, 1, and 1.5mM)
were also performed. Dilantin stocks were made up in DMSO at 20 mM;
therefore, corresponding amounts of DMSO were added to control and exper-
imental solutions. To evaluate the mechanism of combined vinblastine and
dilantin effects, similar experiments were carried out with podophyllotoxin
(500 nM and 1mM), an antimicrotubule drug that is known to sequester tubulin
in a 1:1 drug:heterodimer complex. Podophyllotoxin concentrations were
determined using the extinction coefficient:ewater, 2905 4400M21 cm21 (22).

Fluorescence Binding Experiments.Dilantin (80–630mM) was added in
increments to PC-tubulin (2mM) in 10 mM Pipes (pH 6.9), 2 mM EGTA, 1 mM

MgSO4, 0.05 mM GTP, and 2% DMSO at 25°C, and relative intrinsic fluo-
rescence of tubulin was monitored in an SLM Aminco Bowman Series 2
Luminescence Spectrometer using an excitation wavelength of 286 nm and
emission wavelength of 326 nm. The data were corrected empirically for drug
absorbance and inner filter effects using a tryptophan solution at a concentra-
tion equivalent to the molar concentration of tryptophan at the experimental
tubulin concentration (23). When dilantin is added to tubulin solutions, the
relative fluorescence increases. The change in fluorescence can be plotted
versusdilantin concentration and the data fit by least squares to directly obtain
the binding constant using software developed in Fitall (MTR software,
Toronto, Canada). These experiments were limited by the magnitude of the
signal at low dilantin concentrations and the solubility of dilantin at high
concentrations.

Microtubule Length Distributions. PC-tubulin samples (2 mg/ml) were
prepared on ice in the presence or absence of 400mM dilantin in 100 mM Pipes
(pH 6.9), 2M glycerol, 1 mM GTP, 2 mM EGTA, and 1 mM MgSO4. Samples
were warmed to 37°C for 30 min and then prepared for electron microscopy.
The method used for glutaraldehyde fixation and negative staining with uranyl
acetate has been described previously (3). Grids were examined and photo-
graphed using a Zeiss EM 912 Omega electron microscope. Microtubule
lengths were measured from photographs by two independent observers using
a digitizing tablet and Sigma Scan software (Jandel Scientific; SigmaScan Pro
3.0). Only microtubules with both ends clearly visible were measured. At least
470 microtubules were measured for each data set.

Sedimentation Velocity Experiments.Vinblastine- induced tubulin spiral
formation was studied in the presence or absence of dilantin by sedimentation
velocity as described previously (3). PC-tubulin was equilibrated using spun
Sephadex G-50 columns into 100 mM Pipes (pH 6.9), 2M glycerol, 2 mM

EGTA, 1 mM MgSO4 and 0.05 mM GTP in the presence or absence of
vinblastine or vinblastine plus 400mM dilantin. To assure that the protein was
equilibrated in the glycerol buffer, two sequential spun columns were used for

each sample. The free vinblastine concentration (0.5–70mM) was obtained
from the known drug concentration in the equilibration buffer. Sedimentation
studies were done in a Beckman Optima XLA analytical ultracentrifuge
equipped with absorbance optics and an An60 Ti rotor. Temperature was
calibrated by the method of Liu and Stafford (24). Samples were spun at 37°C
and appropriate speeds. Velocity 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
Biomedical Research Institute) to generate a distribution of sedimentation
coefficients,g(s), and weight average sedimentation coefficients, s#w, as de-
scribed previously (3). These data were corrected for empirically determined
density (Anton Paar DMA 500 density meter) and viscosity at 37°C and plotted
as weight average s#20,w versusfree drug. Models with two or four binding
constants were used to fit the data with the nonlinear least squares program
Fitall (MTR Software, Toronto, Canada), modified to include the appropriate
fitting functions. In these models,K1 is the affinity of drug for tubulin
heterodimers,K 2 is the affinity of liganded-heterodimers for spiral polymers,
K3 is the affinity of drug for polymers, andK 4 is the association constant for
unliganded-tubulin heterodimers. The method for curve fitting to obtain bind-
ing affinities has been described previously (3).

RESULTS

Dilantin Inhibition of Tubulin Polymerization. PC-tubulin po-
lymerization into microtubules in 2M glycerol was monitored by
spectroscopy at 350 nm after increasing the temperature from 4°C to
37°C. Fig. 1 shows the dilantin-dependent decrease in turbidity or
microtubule mass in the presence of 200, 400, and 600mM dilantin.
Fig. 2 shows the dilantin enhancement of vinblastine-induced inhibi-
tion of microtubule formation. The presence of 400mM dilantin
significantly reduces the polymer mass over and above the effect of
0.5 or 1 mM vinblastine. Note that 400mM dilantin is a clinically
achievable intracellular concentration because therapeutic plasma lev-
els are 55–110mM dilantin, and the drug is known to be concentrated
4–7-fold in cells (25).

To quantitatively examine the effect of dilantin on microtubule
formation, turbidity was monitored in the presence and absence of
drug over a range of tubulin concentrations. The critical concen-
tration or free heterodimer concentration was determined from the
X-intercept of plots of tubulin concentrationversus change in
absorbance (Fig. 3). The presence of 400mM dilantin increases the
critical concentration from 0.310 (6 0.078) to 0.375 (6 0.075)

Fig. 1. Microtubule polymerization in the presence of dilantin. PC-tubulin (1.8 mg/ml)
in polymerization buffer (see “Materials and Methods”) was warmed to 37°C, and
turbidity was monitored at 350 nm. After 30 min, the solutions were cooled to 4°C to
obtain a baseline. The plots show the change in turbidity after correcting the data for the
baseline absorbance.f, no dilantin;M, 200mM dilantin;F, 400mM dilantin;E, 600mM

dilantin; Œ, 600 mM dilantin, no tubulin.
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mg/ml (Table 1). Experiments were carried out in the presence of
0.5, 1.0, or 1.5mM vinblastine with and without 400mM dilantin.
(The 1.5mM vinblastine data were omitted from Fig. 3 for clarity
of presentation.) As shown in Fig. 3 and summarized for all data in
Table 1, dilantin increases the critical concentration for microtu-
bule formation in the presence of vinblastine.

To determine whether MAPs might contribute to the dilantin en-
hancement ofVinca alkaloid-induced cytotoxicity observed in cell
culture, turbidity experiments were carried out with twice-cycled
MTP in the presence or absence of 400mM dilantin (Fig. 4). The
critical concentrations determined in these experiments are given in
Table 1. The critical concentrations were 0.096 and 0.121 mg/ml in

the absence and presence of 400mM dilantin. The magnitude of the
difference in critical concentrations is similar to that found with
PC-tubulin, 21–26% increase. Experiments were also carried out in
the presence of 1mM vinblastine with and without 400mM dilantin.
Dilantin increased the critical concentration for MTP polymerization
in the presence of vinblastine (Table 1). This effect is somewhat
smaller than that found with PC-tubulin. Note that, for MTP, the
slopes of the change in turbidity plots (Fig. 4) are also different in the
absence or presence of dilantin. This slope change is not found with
PC-tubulin and suggests that dilantin induces a redistribution of
tubulin and MAPs into smaller oligomers that scatter light differently
than microtubules.

Tables 2 and 3 show a series of thermodynamic cycles representing
the energetics of the effects of dilantin, vinblastine, and combined
vinblastine plus dilantin on microtubule formation. The equilibrium
constant for microtubule propagation,Kp, is obtained from the recip-
rocal of the critical concentration and used to calculate free energy
(DG5 2RTlnKp) for each condition. The change in free energy,
DDG, is then calculated between conditions. The inhibition of micro-
tubule assembly attributable to a fixed concentration of dilantin is
within error constant and additive under all conditions studied. The
averageDDG due to the presence of 400mM dilantin is 117 (6 28)
cal/mol. This means the inhibitory effect of dilantin is the same in the
presence and absence of vinblastine. For example in the absence of
vinblastine, theDG for microtubule assembly is27.813 103 cal/mol

Fig. 2. Microtubule polymerization in the presence of dilantin and vinblastine. PC-
tubulin was polymerized, and the change in turbidity was determined as described in Fig.
1.f, no drug;Œ, 0.5mM vinblastine;‚, 0.5mM vinblastine and 400mM dilantin;F, 1 mM

vinblastine;E, 1 mM vinblastine and 400mM dilantin.

Fig. 3. Determination of critical concentrations for PC-tubulin polymerization. PC-
tubulin at various concentrations (1–3.5 mg/ml) was polymerized as described in Figs. 1
and 2. The baselines at 4°C were determined and subtracted from the plateau absorbance
at 45 min to obtain the change in absorbance. The data were fit by linear regression, and
critical concentration was determined from the X-intercept.f, no vinblastine;M, 0.5mM

vinblastine;F,1 mM vinblastine.A, 400mM dilantin;B, no dilantin. Note that these studies
involved multiple experiments with more that one tubulin preparation. Individual differ-
ences in tubulin preparations contribute to the scatter in the data.

Fig. 4. Determination of critical concentrations for MTP polymerization. MTP at
various concentrations (0.6–3.0 mg/ml) was polymerized as described in Figs. 1 and 2.
The baselines at 4°C were determined and subtracted from the plateau absorbance at 45
min to obtain the change in absorbance. The data were fit by linear regression, and critical
concentration was determined from the X-intercept.f, no dilantin;M, 400mM dilantin;
F,1 mM vinblastine;E,1 mM vinblastine, 400mM dilantin.

Table 1 Critical concentrations

mg/ml (6SD)

PC-tubulin
No drug 0.310 (6 0.078)
400 mM dilantin 0.375 (6 0.075)
0.5 mM vlba 0.634 (6 0.151)
0.5 mM vlb, 400 mM dilantin 0.794 (6 0.103)
1.0 mM vlb 0.914 (6 0.230)
1.0 mM vlb, 400 mM dilantin 1.150 (6 0.140)
1.5 mM vlb 1.064 (6 0.311)
1.5 mM vlb, 400 mM dilantin 1.226 (6 0.225)

MTP
No drug 0.096 (6 0.039)
400 mM dilantin 0.121 (6 0.005)
1.0 mM vlb 0.579 (6 0.117)
1.0 mM vlb, 400 mM dilantin 0.618 (6 0.077)

a vlb, vinblastine.
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(Table 2). The addition of 400mM dilantin increases theDG to
27.70 3 103 cal/mol, corresponding to a change in free energy for
polymer formation,DDG, of 110 cal/mol. In the presence of 0.5mM

vinblastine, theDG for microtubule formation is27.37 3 103 cal/
mol, and the addition of 400mM dilantin raises theDG to27.233 103

cal/mol. Thus, theDDG attributable to dilantin in the presence of 0.5
mM vinblastine is 139 cal/mol. When 1.0mM or 1.5mM vinblastine is
present,DDG attributable to dilantin is 139 and 80 cal/mol, respec-
tively. Increasing to 1.5mM vinblastine, theDDG for the addition of
both drugs is reduced, possibly because microtubule ends are satu-
rated by drug at these concentrations and therefore, the drug inhibitory
free energy is diminished. For MTP, theDDG value is similar,
although with a larger SD, 90 (6 50) cal/mol (Table 3). If the
activities of the two drugs were synergistic at the receptor level, rather
than additive, theDDG for the effect of each drug would be greater
when the second drug is present. In other words, synergy or cooper-
ativity would produce corresponding branches of the thermodynamic
cycle with unequalDDG values. Additivity is necessarily also appar-
ent when the effect of vinblastine is examined (Table 2). At 0.5mM

vinblastine, theDDG is 440 cal/molversus470 cal/mol in the absence
or presence of dilantin. Increasing to 1mM vinblastine, theDDG is 224
cal/mol, both in the absence or presence of dilantin. It is noteworthy
that the additive contribution of dilantin to the vinblastine inhibition
of microtubule polymerization can be accounted for quantitatively by
a direct interaction of the drugs with tubulin, not requiring an inter-
action with MAPs.

Direct Dilantin-Tubulin Binding by Fluorescence. The intrinsic
tubulin difference fluorescence signal was found to increase with
increasing dilantin concentrations, suggesting a conformational
change in tubulin that is associated with drug binding (Fig. 5). At drug
concentrations.630mM, dilantin was insoluble, thereby limiting the
maximum drug concentrations that could be studied. The fluorescence
difference data, after correction for inner filter effects, were fit di-
rectly, assuming a single site to obtain the equilibrium binding con-
stant,Ka 5 3.5 (6 2.5)3 103

M
21 (Kd 5 286mM). This weak binding

affinity supports the turbidity studies where inhibition of microtubule

polymerization occurred at dilantin concentrations between 200 and
600 mM.

Dilantin Effect on Microtubules by Electron Microscopy. To
begin to understand the mechanism whereby dilantin inhibits micro-
tubule polymerization, electron microscopy was used to examine
length distributions in the presence and absence of the drug. Micro-
tubule formation occurs via a nucleation phase, followed by elonga-
tion of polymers. Longer microtubules in the presence of dilantin
would suggest that fewer nuclei form while elongation is unimpeded.
Tubulin was polymerized under the same conditions used in the
turbidity experiments, and samples for electron microscopy were
made as described in “Materials and Methods.” We found no signif-
icant difference in microtubule length in the presence or absence of
400 mM dilantin, 7.70 (6 4.27;n 5 558) and 7.40 (6 4.0; n 5 477)
mm (Fig. 6). Thus, the decrease in total microtubule mass observed in
the turbidity experiments is not due to impaired microtubule growth,

Fig. 5. Dilantin binding to PC-tubulin. Dilantin, 80–630mM, was added in successive
increments to 2mM PC-tubulin, and the fluorescence was monitored using an excitation
wavelength of 286 nm and emission wavelength of 326 nm, as described in “Materials and
Methods.” The change in tubulin fluorescence with increasing dilantin concentrations is
plotted. Note that the experimental conditions are limited because of drug solubility and
magnitude of the signal.Solid line,least squares fit of the data to obtain the equilibrium
constant:Ka 5 3.5 (6 2.5) 3 103 M21.

Fig. 6. Microtubule length distributions in the presence or absence of 400mM dilantin.
PC-tubulin (2 mg/ml) was polymerized for 30 min as described in “Materials and
Methods” in the absence of drug (M, n 5 477) or presence of 400mM dilantin (o,
n 5 558). Samples were fixed in 1% glutaraldehyde and stained with 1% uranyl acetate.
Microtubule lengths were measured from photographs using a digitizing tablet by two
independent observers. No significant difference in mean microtubule lengths was found:
mean lengths, 7.70 (6 4.27) and 7.40 (6 4.0)mm in the presence and absence of dilantin,
respectively.

Table 2 Free energy for microtubule polymerization (PC-tubulin, 37°C)a

No dilantin ‚‚G Dilantin

No drug ➜ 400 mM dilantin
‚G 5 27.813 103 cal ‚‚G 5 110 cal ‚G 5 27.703 103 cal
2 ‚‚G 5 440 cal ‚‚G 5 470 cal2
0.5 mM vinblastine ➜ 0.5 mM vinblastine, 400mM dilantin
‚G 5 27.373 103 cal ‚‚G 5 139 cal ‚G 5 27.233 103 cal
2 ‚‚G 5 224 cal ‚‚G 5 224 cal2
1.0 mM vinblastine ➜ 1.0 mM vinblastine, 400mM dilantin
‚G 5 27.153 103 cal ‚‚G 5 139 cal ‚G 5 27.013 103 cal
2 ‚G 5 100 cal ‚G 5 40 cal2
1.5 mM vinblastine ➜ 1.5 mM vinblastine, 400mM dilantin
‚G 5 27.053 103 cal ‚‚G 5 80 cal ‚G 5 26.973 103 cal

a The free energy was calculated from theKp, equilibrium constant for microtubule
polymerization, determined from turbidity experiments.‚G is the free energy for the
addition of a tubulin heterodimer to a microtubule, and‚‚G is the change in free energy
for microtubule polymerization due to the presence of dilantin, vinblastine, or both.

Table 3 Free energy for microtubule polymerization (MTP, 37°C)a

No dilantin ‚‚G Dilantin

No drug ➜ 400 mM dilantin
‚G 5 28.533 103 cal ‚‚G 5 140 cal ‚G 5 28.393 103 cal
2 ‚‚G 5 1100 cal ‚‚G 5 1000 cal2
1.0 mM vinblastine ➜ 1.0 mM vinblastine, 400mM dilantin
‚G 5 27.433 103 cal ‚‚G 5 40 cal ‚G 5 27.393 103 cal

a The free energy was calculated from theKp, equilibrium constant for microtubule
polymerization, determined from turbidity experiments.‚G is the free energy for the
addition of a tubulin heterodimer to a microtubule, and‚‚G is the change in free energy
for microtubule polymerization due to the presence of dilantin, vinblastine, or both.
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suggesting that dilantin does not directly interfere with polymerization
by binding to microtubules.

Dilantin Effect on Vinblastine-induced Spiral Formation. Vin-
blastine binding to tubulin is linked to tubulin spiral formation (3);
therefore, the spirals are equilibrium polymers that contribute to the
effect of vinblastine on microtubule dynamics. We investigated the
interaction of dilantin with vinblastine-induced tubulin spirals to
determine whether dilantin enhancement of vinblastine inhibition of
microtubule formation was attributable to stabilization of spirals.
Sedimentation velocity was used to assess spiral size over a range of
vinblastine concentrations (0.5–70mM) in the presence or absence of
400mM dilantin. The experiments were carried out in the same buffer
as the turbidity experiments except, because of limitations of absorb-
ance optics in the XLA analytical ultracentrifuge, GTP was 50mM

instead of 1 mM. The s#20,w values obtained from these experiments
were plottedversusdrug concentrations (Fig. 7) and fit to obtain
binding constants. There was no significant difference in the equilib-
rium constants determined from control and experimental conditions.
The overall bindng affinities,K1K2, when data were fit with the
ligand-mediated model were 1.63 1012 and 2.23 1012

M
22, in the

absence or presence of dilantin. Similarly, no difference was found
when data were fit with the combined modelK1K2 (data not shown).
Thus, we conclude that the dilantin enhancement of the vinblastine
inhibition of microtubule formation is not attributable to stabilization
of vinblastine-induced tubulin spirals. Because dilantin binds directly
to tubulin (Fig. 5), these data require that by microscopic reversibility,
dilantin also binds toVinca-induced spirals but neither stabilizes nor
destabilizes them.

DISCUSSION

Synergy and additivity of drug effects are complex concepts, hav-
ing definitions that vary depending upon whether investigations occur
at the whole animal, cellular, or drug-receptor level. In animal studies
or clinical trials, quantification of combined drug interactions is
complicated by the observation that for each drug, nonlinear dose

response and toxicity must be considered (26). For drugs that act at the
same receptor, such as the antimitotic agents, both the combined
activity and underlying mechanisms can be investigated quantitatively
in vitro. Changes in free energy distinguish synergy or cooperativity
from additivity. Although interactions at a unique receptor may not
completely explain the drug effectsin vivo, a quantitative understand-
ing of these effects helps to delineate the significant intracellular
events.

The mechanism of action of antimitotic agents has been the subject
of intense investigation. These drugs disrupt microtubule dynamics
essential for mitotic spindle activity. At stoichiometric concentrations,
they either stabilize tubulin in microtubules (e.g., Taxol) or induce
depolymerization of microtubules (e.g., vinblastine). In the work
described here, we were able to quantify drug-receptor activity in
terms of free energy, and we draw conclusions regarding the mech-
anisms underlying the combined drug effects. We demonstrate that
dilantin is a tubulin-binding drug, albeit with weak affinity,Kd 5 286
mM. This is the first report showing that MAPs are not required for the
antimicrotubule activity of the drug. The effects on tubulin polymer-
ization occur at dilantin concentrations between 200 and 600mM and,
therefore, can be attributed to the weak binding of dilantin to tubulin.
These dilantin concentrations are physiologically significant because
the drug is concentrated intracellularly 4–7-fold (25), and plasma
concentrations of 55–110mM are clinically achievable. Enhancement
of vinblastine and vincristine cytotoxicity by dilantin has been re-
ported (12, 18), and our work indicates that the tubulin binding
activity of dilantin contributes to the combined drug effects on cells.
In vitro, we find that the dilantin enhancement of the antimicrotubule
effects of vinblastine is additive in terms of free energy. Dilantin at
400 mM contributes about 117 (6 28) cal/mol of unfavorable free
energy to microtubule polymerization, both in the absence or presence
of vinblastine (0.5–1.5mM). By additivity, we mean there is a constant
amount of unfavorable free energy within the thermodynamic cycle
that is contributed by vinblastine and dilantin. This additivity implies
the absence of cooperative interactions and suggests distinct binding
sites and modes of microtubule inhibition.

What is the mechanism underlying the additivity of dilantin-vin-
blastine interactions with tubulin? In 2M glycerol, 400mM dilantin has
no effect on vinblastine-induced spiral size or on microtubule length.
Two possible ways that dilantin may inhibit microtubule polymeriza-
tion are by: (a) directly increasing microtubule catastrophe frequency;
or (b) preferentially destabilizing microtubule ends. Microtubule dy-
namics studies investigating the mechanism of action of the tubulin

Fig. 7. Effect of dilantin on vinblastine-induced spiral formation by sedimentation
velocity. PC-tubulin (2mM) was equilibrated into 100 mM Pipes (pH 6.9), 2M glycerol,
2% DMSO, 1 mM MgSO4, 2 mM EGTA, and 50mM GTP with vinblastine concentrations
ranging from 0.5 to 70mM in the presence (M) or absence (f) of 400 mM dilantin, and
sedimentation velocity experiments were carried out at 37°C as described in “Materials
and Methods.”Lines,best fits of the data using the ligand-mediated model.Solid line,data
in the presence of dilantin;dotted line,data in the absence of dilantin. No significant
difference in binding affinities were found. The binding affinities for vinblastine obtained
from ligand-mediated fits of these data in the absence or presence of dilantin are:K15
1.2 3 105 (6 0.3) and 1.73 105 (6 0.4) M21; K2 5 1.4 3 107 (6 0.2) and 1.23 107

(6 0.2)M21. Similar relative differences were found with combined model fits of the data.

Table 4 Free energy for microtubule polymerization (PC-tubulin, 37°C)a

No podophyllotoxin ‚‚G Podophyllotoxin

A. PC-tubulin ➜ 500 nM podophyllotoxin
‚G 5 27.673 103 cal/mol ‚‚G 5 210 cal/mol ‚G 5 27.463 103 cal/mol
2 ‚‚G 5 270 cal/mol ‚‚G 5 250 cal/mol2
0.5 mM vinblastine ➜ 0.5 mM vinblastine and
‚G 5 27.403 103 cal/mol ‚‚G 5 190 cal/mol 500 nM podophyllotoxin

‚G 5 27.213 103 cal/mol
2 ‚‚G 5 170 cal/mol ‚‚G 5 190 cal/mol2
1 mM vinblastine ➜ 1 mM vinblastine and
‚G 5 27.233 103 cal/mol ‚‚G 5 210 cal/mol 500 nM podophyllotoxin

‚G 5 27.023 103 cal/mol

B. PC-tubulin ➜ 1 mM podophyllotoxin
‚G 5 27.673 103 cal/mol ‚‚G 5 430 cal/mol ‚G 5 27.243 103 cal/mol
2 ‚‚G 5 270 cal/mol ‚‚G 5 240 cal/mol2
0.5 mM vinblastine ➜ 0.5 mM vinblastine and
‚G 5 27.403 103 cal/mol ‚‚G 5 400 cal/mol 1mM podophyllotoxin

‚G 5 27.003 103 cal/mol
a The free energy was calculated from theKp, equilibrium constant for microtubule

polymerization, determined from turbidity experiments.‚G is the free energy for the
addition of a tubulin heterodimer to a microtubule, and‚‚G is the change in free energy
for microtubule polymerization due to the presence of podophyllotoxin, vinblastine, or
both.
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destabilizing protein oncoprotein 18/stathmin suggested that its mech-
anism of action is pH dependent (27). At pH 6.8, it sequesters tubulin
in a 2:1 complex (tubulin:oncoprotein 18/stathmin), and at pH 7.5, it
increases catastrophe frequency. The increase in catastrophe fre-
quency was accompanied by a significant decrease in microtubule
length beyond that which could be accounted for by sequestering
tubulin heterodimers. By comparison, because microtubule lengths in
the presence of dilantin are unchanged, it is not likely that dilantin
increases microtubule catastrophe. “Endpoisoning” drugs, such as
vinblastine, act at substoichiometric concentrations by preferentially
destabilizing the microtubule minus ends (28). Because in addition
plus ends are stabilized and rescue frequency is increased, this mech-
anism was shown to cause no alteration in average microtubule
lengths. Given the weak affinity of dilantin for tubulin and the
suprastoichiometric conditions required for dilantin activity, it seems
unlikely that microtubule endpoisoning is the mechanism for the
additive effect of dilantin. Furthermore, dilantin has no effect on
vinblastine-induced tubulin spirals, indicating that the additive effect
of dilantin is not mediated via an interaction with vinblastine-induced
spirals at the microtubule end.

A third possible mechanism for the additivity of dilantin-vinblas-
tine effects is simple sequestration of tubulin by dilantin in oligomers
that do not participate in polymerization. In the sedimentation velocity
studies, we looked for aggregate formation attributable to 400mM

dilantin and found that at 37°C, there is a 2% increase in irreversibly
aggregated protein, forming a sedimenting boundary at about 20–25S.
This aggregated fraction is not large enough to account for the
observed inhibition of microtubule polymerization, where the critical
concentrations increase in the presence of dilantin by.20%.

To investigate whether tubulin heterodimer sequestration is a pos-
sible mechanism, we compared our results on combined dilantin-
vinblastine energetics with podophyllotoxin-vinblastine energetics.
Podophyllotoxin is known to sequester tubulin in a 1:1 complex with
a Kd of 0.6–0.7mM (22). Unlike endpoisoning drugs such as Taxol
and vinblastine, which are cytotoxic in cell culture at concentrations
where microtubule mass is essentially unchanged, podophyllotoxin is
cytotoxic at concentrations where microtubules depolymerize (29).
Critical concentrations were determined for podophyllotoxin and po-
dophyllotoxin-vinblastine combinations (data not shown). Table 4
gives the free energy changes calculated from the critical concentra-
tions. It is noteworthy that the effects of podophyllotoxin, like dilan-
tin, are additive, where 500 nM podophyllotoxin contributes about 200
cal/mol of unfavorable free energy to microtubule polymerization in
the presence or absence of vinblastine, and in each cycle vinblastine
contributes the sameDDG in the presence or absence of podophyllo-
toxin. Likewise, 1mM podophyllotoxin and 0.5mM vinblastine con-
tribute an equal amount of unfavorableDDG in the presence or
absence of each other (Table 4B). These data, along with the obser-
vations that dilantin does not affectVinca-induced tubulin spirals or
microtubule lengths, suggest that dilantin acts like podophyllotoxin
and sequesters tubulin in a nonpolymerizable 1:1 drug:tubulin com-
plex.

The mechanism of action of podophyllotoxin, however, may not be
completely analogous to that of dilantin. Microtubules formedin vitro
in the presence of podophyllotoxin are shorter than in its absence (22).
At substoichiometric drug concentrations, tubulin-GTP exchange at
the microtubule ends is inhibited. This suggests that podophyllotoxin
can affect the ends of microtubules either directly or indirectly by
interacting near the microtubule ends, probably as a drug-tubulin
complex. In our experiments, under steady-state conditions in 2M

glycerol, suprastoichiometric amounts of dilantin do not produce a
significant difference in microtubule length compared with control
experiments. Because there is a slight trend toward longer microtu-

bules (mean, 7.70versus7.36 mm), the addition of dilantin to a
tubulin solution appears to affect microtubules in a way that is similar
to a reduction in free tubulin concentration (30). Thus, our data
support a mechanism whereby dilantin additivity in unfavorable free
energy for microtubule polymerization occurs via sequestration of
tubulin in 1:1 drug:tubulin complexes that do not participate in poly-
mer formation. Although our data suggest this is the most likely
mechanism, we cannot rule out the possibility that drug:tubulin com-
plexes may interact very weakly with microtubules and not alter
microtubule lengths significantly. Decreasing the pool of active tubu-
lin alone would have an additive inhibitory effect on mitotic spindle
growth, enhancing the antimitotic effectiveness ofVinca alkaloids.

The additive dilantin-vinblastine effects on microtubulesin vitro
clearly do not explain the synergy observed with dilantin andVincas
in cell culture (12, 18). Additional mechanisms involving proteins that
destabilize microtubules or regulate cell cycle events are likely to be
involved in vivo. Note that although drug synergy is often considered
desirable, additivity also will enhance the clinical usefulness of these
drugs. Our results do indicate combination drug therapies, where
drugs act at a single receptor via different mechanisms, can be
quantitatively investigatedin vitro and demonstrated to have potential
for enhanced efficacy. This type of drug-receptor data contributes to
a quantitative understanding of combination chemotherapy and a
rational selection of viable clinical therapies.
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