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ABSTRACT: Vitamin K3 (2-methyl-1,4-naphthoquinone), also known as menadione, is the synthetic precursor
of all the naturally occurring vitaminK in the body. VitaminK is necessary for the production of prothrombin
and five other blood-clotting factors in humans. We have examined the effects of menadione on cellular
microtubules ex vivo as well as its binding with purified tubulin and microtubules in vitro. Cell viability
experiments using human cervical epithelial cancer cells (HeLa) and human oral epithelial cancer cells (KB)
indicated that the IC50 values for menadione are 25.6 ( 0.6 and 64.3 ( 0.36 μM, respectively, in those cells.
Mendione arrests HeLa cells in mitosis. Immunofluorescence studies using an anti-R-tubulin antibody
showed a significant irreversible depolymeriztion of the interphase microtubule network and spindle
microtubule in a dose-dependent manner. In vitro polymerization of purified tubulin into microtubules is
inhibited by menadione with an IC50 value of 47 ( 0.65 μM. The binding of menadione with tubulin was
studied usingmenadione fluorescence and intrinsic tryptophan fluorescence of tubulin. Binding ofmenadione
to tubulin is slow, taking 35 min for equilibration at 25 �C. The association reaction kinetics is biphasic in
nature, and the association rate constants for fast and slow phases are 189.12( 17 and 32.44( 21M-1 s-1 at
25 �C, respectively. The stoichiometry of menadione binding to tubulin is 1:1 (molar ratio) with a dissociation
constant from 2.44( 0.34 to 3.65( 0.25 μMat 25 �C.Menadione competes for the colchicine binding site with
aKi of 2.5 μMas determined from a modified Dixon plot. The obtained data suggested that menadione binds
at the colchicine binding site to tubulin. Thus, we can conclude one novel mechanism of inhibition of cancer
cell proliferation by menadione is through tubulin binding.

Vitamin K is an essential vitamin that was discovered as a fat-
soluble anti-hemorrhagic agent (1). The K vitamins act as
cofactors during post-translation modification at specific gluta-
mate residues of the blood-clotting proteins, factors II, VII, IX, X,
protein C, and protein S, which are active forms of clotting
factors (1-4). Vitamin K consists of a family of structurally
similar fat-soluble 2-methyl-1,4-naphthoquinones, including phyl-
loquinone (vitamin K1), menaquinone (vitamin K2), and mena-
dione (vitamin K3). All members of the vitamin K family possess
an identical naphthoquinone skeletonwith various side chains that
distinguish them. Vitamin K1 is found in many higher plants as
well as algae, with the highest concentrations found in green leafy
vegetables (5). Vitamin K2 also occurs naturally but is not
produced by plants. It is produced by a vast array of intestinal
bacteria (6). Vitamin K3 (menadione) is not considered a natural

vitamin K, but rather a synthetic analogue that acts as a
provitamin, and the pharmacological dosages of phylloquinone
and menaquinones (menaquinone-4 and -7) are catabolized to
release menadione; only upon oral administration of vitamin K
had ∼5-25% of the ingested K vitamins been catabolized to
menadione (7). It possesses a much simpler structure, with no
aliphatic chain prosthetic group at position 3. The antitumor
action of vitamin K has been under investigation since 1947 (8),
andmost of the anticancer research of vitaminK has been focused
on menadione (9). The anticancer activity of menadione has also
been demonstrated in a number of studies using both rodent and
human cancer cell lines (10-14). Menadione was effective against
multi-drug-resistant leukemia cell lines and parental leukemia cell
lines (15). Several mechanisms have been proposed in the growth
inhibitory and cytotoxic effects of menadione. Historically, the
main effect is believed to be due to oxidative stress via redox
cycling of the quinone to produce reactive oxygen species (16),
while a lower concentration of menadione induces apoptosis by a
nonoxidative mechanism (17). In hepatocytes, menadione in-
creases the level of p21Cip1, which induces the cell cycle to G0/
G1 arrest (18, 19), but it was also reported that vitaminK3 induces
G2/M arrest by inhibition of formation of the cyclinB-cdk1
complex in hepatic cancer cells (20).
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Microtubules are major structural components of the cytos-
keleton of the cell and play important roles in cell motility,
intracellular transport, mitosis, and many other cellular pro-
cesses (21-25). Highly dynamic microtubules are among the
most successful targets for anticancer therapy that inhibit mitosis
in mammalian cells by interfering with the rapid dynamics of the
spindle microtubules, which are required for normal mitotic
progression (26). They are dynamic polymers composed of
R- and β-tubulin heterodimer. Drugs which bind to the tubu-
lin-microtubule system alter its dynamics in two different ways,
either by stabilizing the polymer structure of microtubules like
paclitaxel or by inhibiting the polymerization of tubulin into
microtubules (26-33). There are two characterized drug-binding
sites in tubulin that inhibit microtubule polymerization. One is
the colchicine binding site in R- and β-tubulin interphase, where
drugs such as colchicine itself, podophyllotoxin, combreastatin,
and curacin A are thought to bind (26-30). The second is the
Vinca binding site, also thought to be in β-tubulin, where the
Vinca alkaloids, cryptophycins, and maytansinoids bind (31).

Menadione blocks mitosis and inhibits cell proliferation, but
whether it has any effect on microtubule dynamics has not been
determined. In this study, we examined the binding activity of
menadionewith tubulin andmicrotubules.We found that in vitro
menadione binds to tubulin at the colchicine binding site and
inhibits microtubule polymerization. Menadione binding to
tubulin enhances menadione fluorescence and quenches the
tryptophan fluorescence of tubulin. Menadione exhibits cyto-
toxicity in human cervical carcinoma cells (HeLa) and human
oropharyngeal carcinoma cells (KB) under ex vivo conditions.
We also found that in ex vivo perturbation of interphase and
spindle microtubules in human cervical carcinoma cells (HeLa)
bymenadione, it induces G2/M arrest in the HeLa cell cycle. The
results indicate a novel mechanism of cell proliferation inhibition
andmitotic block bymenadione, and it could be beneficial for the
development of potential anticancer agents.

EXPERIMENTAL PROCEDURES

Materials. Nutrient mixture Dulbecco’s minimal essential
medium (supplemented with 1 mM L-glutamine), fetal bovine
serum, penicillin-streptomycin, and amphotericin B were pur-
chased from HyClone. Trypsin-Versene was purchased from
Cambrex Bioscience. Menadione (vitamin K3), phylloquinone
(vitamin K1), DAPI,1 anti-mouse monoclonal anti-R-tubulin
antibody (raised in mice), anti-mouse rhodamine-conjugated
IgG antibody, guanosine 50-triphosphate (GTP), PIPES, MgCl2,
and EGTA were purchased from Sigma. The annexin V-FITC
apoptosis detection kit was obtained from BD Biosciences
(San Diego, CA). The Bradford protein estimation kit was from
Genei. All other chemicals and reagents were of analytical grade
and were purchased from Sisco Research Laboratories.
Purification of Tubulin from Goat Brain. Tubulin was

isolated from goat brain via two cycles of temperature-dependent
assembly and disassembly in PEM buffer containing 50 mM
PIPES, 1 mM EGTA, and 0.5 mM MgCl2 (pH 6.9) in the
presence of 1 mM GTP, followed by two more cycles in 1 M
glutamate buffer (34). Aliquots were flash-frozen in liquid

nitrogen and stored at -70 �C. The protein concentration was
estimated by the method of Bradford (35) using bovine serum
albumin as the standard.
Preparation of theMenadione Solution.The stock solution

of menadione was prepared by adding dry powder of menadione
to 100% DMSO. The concentration was determined using the
molar extinction coefficient of 3100 M-1 cm-1 at 340 nm in
ethanol (39). All the experiments were conducted making the
secondary solution in PEM buffer where the final DMSO
concentration is less than 1%.
Cell Culture. Human cervical carcinoma cells (HeLa) and

human oropharyngeal carcinoma cells (KB) were maintained in
nutrient mixture DMEM supplemented with 1 mM L-glutamine,
10% fetal bovine serum, 50 μg/mL penicillin, 50 μg/mL strepto-
mycin, and 2.5 μg/mL amphotericin B. Cells were cultured at
37 �C in a humidified atmosphere containing 5%CO2. Cells were
grown in tissue culture flasks until they were 80% confluent
before trypsinization with 1� trypsin-versene and splitting. The
morphology of normal and treated cells was observed with an
Olympus model CKX41 inverted microscope.
Cell Proliferation Inhibition Assay (MTT Assay). Cul-

turedHeLaandKB cells were plated in 96-well culture plates (1�
104 cells per well). After incubation for 24 h, the cells were treated
with menadione (0, 5, 10, 20, 30, and 50 μM) for 12 h. MTT
(5 mg/mL) was dissolved in PBS and filter sterilized, and then
20 μL of the prepared solution was added to each well. This was
incubated until a purple precipitate was visible. Subsequently,
100 μL of Triton-X was added and incubated in the well in the
dark for 2 h at room temperature. The absorbance was measured
on an ELISA reader (MultiskanEX, Lab systems, Helsinki,
Finland) at a test wavelength of 570 nm and a reference
wavelength of 650 nm. Data were calculated as the percentage
of inhibition by the following formula:

%inhibition ¼ ½100-ðAt=AsÞ � 100� ð1Þ

where At and As are the absorbance of the test substances and
solvent control, respectively (28).
Flow Cytometric Analysis for Apoptotic and Necrotic

Cells. To examine the presence of apoptosis and necrosis
induced by menadione, 1� 105 HeLa cells were cultured with
different concentrations of menadione for 24 h. As a control,
HeLa cells were cultured without vitamin K. Approximately 1�
105 cells were then stained for 15 min at room temperature in the
dark with fluorescein isothiocyanate (FITC)-conjugated annexin
V (1 μg/mL) and PI (0.5 μg/mL) in a Ca2þ-enriched binding
buffer and analyzed by a two-color flow cytometric assay.
Annexin V and PI emissions were detected in the FL1 and FL2
channels of a FACSCalibur flow cytometer, using emission filters
at 525 and 575 nm, respectively. The annexin V-negative/PI-
negative population was regarded as normal and healthy, while
annexin V-positive/PI-negative and annexin V-positive/PI-posi-
tive cells were taken as a measure of apoptosis and necrosis,
respectively. Apoptosis analysis was performed using the Becton
Dickinson FACScan instrument, and the data were analyzed
using CellQuest from Becton Dickinson.
Cell Cycle Analysis by Flow Cytometry. HeLa cells were

seeded at a density of 3 � 104 cells/mL. Menadione (25 μM) was
added and was incubated for 18 h. After 18 h, the cells were
harvested, fixed in ice chilled methanol for at least 30min at 4 �C,
and incubated for 4 h at 37 �C in a PBS solution containing 1mg/
mLRNaseA. Cell cycle analysis was performed using the Becton

1Abbreviations: PIPES, 1,4-piperazinediethanesulfonic acid; EGTA,
ethylene bis(oxyethylenenitrilo) tetraacetic acid; GTP, guanosine 50-
triphosphate; DTNB, 5,50-dithiobis(2-nitrobenzoic acid); DAPI, 40,6-
diamidino-2-phenylindole; AC, 2-methoxy-5-(20,30,40-trimethoxyphe-
nyl)tropone; PI, propidium iodide; FITC, fluorescein isothiocyanate;
MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide.
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Dickinson FACScan instrument, and the data were analyzed
using CellQuest from Becton Dickinson.
Mitotic Progression. To evaluate mitotic indices, HeLa cells

were plated at a density of 3�104 cells/mL. After 48 h, cells were
incubated in the absence or presence of menadione over a range
of concentrations (10-25 μM) for 20 h. Media were collected,
and cells were rinsed with PBS twice, detached by trypsinization,
and added back to the media to ensure that floating and poorly
attached mitotic cells were included in the analysis. Cells were
fixed with 10% formalin for 30 min, permeabilized in ice-cold
methanol for 10 min, and stained with 40,60-diamidino-2-pheny-
lindole (DAPI) (1 μg/mL) to visualize nuclei.Mitotic indices were
determined with a Ziess LSM 510 Meta confocal microscope.
Results are the means and standard error of the mean (SEM) of
three experiments in each of which 500 cells were counted at each
concentration (32).
Sample Preparation for Confocal Microscopy. Human

cervical epithelial carcinoma cells (HeLa) were seeded on cover-
slips at a density of 1� 105 cells/mL and incubated in the presence
of different doses of menadione (0-50 μM) for 18 h. Subse-
quently, cells were washed twice with PBS washing buffer, and
cells were fixed with 2% paraformaldehyde. Cell permeable
solution (0.1% sodium citrate and 0.1% Triton) was added,
and cells were incubated at room temperature for 1 h. Non-
specific binding sites were blocked by incubating the cells with
5%BSA. Cells were then incubated with anti-mousemonoclonal
anti-R-tubulin antibody (1:200 dilution) followed by anti-mouse
rhodamine-conjugated IgG antibody (1:150 dilutions) andDAPI
(1 μg/mL). After incubation, cells were washed with PBS and
viewed under a Ziess LSM 510 Meta confocal microscope.
Western Blot Analysis. The cellular tubulin polymerization

was quantified by a modified method which was originally
described byMinotti et al. (33). Cultured HeLa cells were treated
with different concentrations of menadione (25-50 μM) and
colchicine (3 μM) for 18 h. Then the cells were washed twice with
PBS and harvested by trypsinization. Cells were lysed at 37 �C for
5 min in the dark with 100 μL of hypotonic lysis buffer [1 mM
MgCl2, 2mMEGTA, 0.5%NP-40, 20 μg/mLaprotinin, 20 μg/mL
leupeptin, 1 mM orthovanadate, 2 mM PMSF, and 20 mMTris-
HCl (pH 6.8)]. After a brief but vigorous vortex, the samples were
centrifuged at 14000 rpm (21000g) for 10 min. The 100 μL
supernatants containing soluble (cytosolic) tubulin were sepa-
rated from the pellets containing polymerized (cytoskeletal)
tubulin. The pellets were resuspended in 100 μL of lysis buffer.
The total concentrations of proteins in the soluble fraction and
pellet fractionwere estimated separately by the Bradfordmethod.
Equal amounts (50 μg) of each sample were added with SDS-
polyacrylamide gel electrophoresis sample buffer and run in a
10%SDS-polyacrylamide gel. The sample was then analyzed by
Western blotting and probed with the antibody againstR-tubulin
(1:1000 dilutions).
Microtubule Polymerization. Tubulin (1.2 mg/mL) was

mixed with different concentrations of menadione (0-80 μM)
and incubated for 30 min at 25 �C. The polymerization reaction
was initiated by incubating the tubulin-menadione complex in
polymerization buffer [1 mM MgSO4, 1 mM EGTA, and 1.0 M
monosodium glutamate (pH 6.8)] at 37 �C just after addition of
1 mM GTP to the assembly. The rate and the extent of the
polymerization reactionweremonitored by light scattering at 350
nm using a Jasco V-630 spectrophotometer (37).
Spectral Measurements. All fluorescence measurements

were performed using a Hitachi model F-3010 fluorescence

spectrophotometer equipped with a constant-temperature water
circulating bath. A 1 cm path length quartz cuvette was used for
all fluorescence measurements. Fluorescence data were corrected
for the inner filter effect according to the equation of Lako-
wicz (38).

F ¼ Fobs antilog½ðAexþAemÞ=2� ð2Þ

whereAex is the absorbance at the excitation wavelength andAem is
the absorbance at the emission wavelength (38). All absorbance
measurements were performed in a JASCO V-630 UV-visible
spectrophotometer using aquartz cuvettewith apath length of 1 cm.
Binding Study by Fluorometric Titration. Association

Kinetics. The kinetics of the association of menadione with
tubulinwasmeasured under pseudo-first-order conditions, where
the ligand was present in a large excess using a Hitachi model
F-3010 fluorescence spectrophotometer. Concentrations of me-
nadione were 20, 30, and 40 μM, whereas the tubulin concentra-
tionwas 1 μM(39). The ligandwas added to the tubulin solution,
and emission at 336 nm was measured upon excitation at 295 nm
(excitation and emission slits were 5 and 10 nm, respectively). The
quenching data were analyzed according using Lambier and
Engelborgh’s method (39, 40) after correction for the inner filter
effect.

F ¼Ae-k1tþBe-k2tþC ð3Þ

whereF is the fluorescence of the ligand-tubulin complex at time
t, A and B are the amplitudes for the fast and slow phases,
respectively, k1 and k2 are the pseudo-first-order rate constants
for these fast and slow phases, respectively, and C is an integra-
tion constant. The data were analyzed with Microcal Origin
version 7.0. The apparent second-order rate constant (kon) was
obtained by dividing the observed rate constant for the fast phase
(k1) and the slow phase (k2) by the ligand concentration.
Enhancement of the Fluorescence of the Ligand upon Its

Binding to Tubulin. The increased menadione fluorescence at
418 nm upon its binding to tubulin was observed. Initial
experiments showed that the increase in menadione fluorescence
upon its binding to tubulin attained saturation after incubation
for 20 min at 25 �C. Menadione (5 μM) showed its fluorescence
enhancement upon incubation with 0-25 μM tubulin in 25 mM
PIPES (pH 6.8), 3 mM MgSO4, and 1 mM EGTA (buffer A) at
25 �C for 30 min. The excitation and emission wavelengths were
340 and 418 nm, respectively. The apparent increases in the
fluorescence values in the presence of varying concentrations of
tubulin corrected for the inner filter effect were determined
according to eq 2. Binding parameters were determined using
the relationship ΔFmax/Δ(F - Fo) = Kd/[free menadione] þ 1,
where Kd corresponds to the dissociation constant, Δ(F - Fo) is
the change in fluorescence intensity when tubulin andmenadione
are in equilibrium, and ΔFmax is the value of maximum fluores-
cence change when tubulin is completely liganded with mena-
dione. ΔFmax was calculated by plotting 1/Δ(F - Fo) versus 1/
[menadione], using the total ligand concentration as a first estimate
of free ligand concentration, and the calculationwas repeated until
there was no change in the value of the ΔFmax (40, 41).
Job Plot. The stoichiometry of binding was determined using

the method of continuous variation (42). Several mixtures of
tubulin and menadione were prepared by continuously varying
concentrations of tubulin andmenadione in the mixture, keeping
the total concentration of menadione with tubulin constant at
5 μM.Reactionmixtures were incubated for 30min at 25 �C, and
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the fluorescence measurements were recorded using 340 nm as an
excitation wavelength.
Equilibrium Constant. Tubulin (2 μM) was incubated with

varying concentrations of menadione (0-30 μM) at 25 �C for
30 min. The fluorescence measurements were performed using
295 nm as the excitation wavelength, and the wavelength scan
was conducted between 310 and 400 nm. We selected 295 nm as
the excitation wavelength to specifically excite the tubulin
tryptophan residues. When excited at 295 nm, tubulin displayed
a typical emission spectrum with a maximum at 335 nm, and
menadione reduced the intrinsic fluorescence of tubulin. The
apparent decreases in the fluorescence values in the presence of
varying concentrations ofmenadionewere corrected for the inner
filter effect according to eq 1. The fraction of binding sites (X)
occupied by menadione was determined using the equation X=
(Fo- F)/Fmax, where Fo is the fluorescence intensity of tubulin in
the absence of menadione, F is the corrected fluorescence
intensity of tubulin in the presence of menadione, and Fmax is
calculated from the plot of 1/(Fo-F) versus 1/[menadione] and
extrapolating 1/[menadione] to zero. The dissociation constant
(Kd) was determined using the relationship Fmax/(Fo-F)=1 þ
Kd/Lf, whereLf represents the freemenadione concentration, and
Lf=C - X[Y], where C is total concentration of menadione and
[Y] is the molar concentration of ligand binding sites, using a
stoichiometry of 1:1 as determined from the Job plot.
Effect of Menadione on the Formation of the Colchi-

cine-Tubulin Complex. Colchicine binding to tubulin was
assessed by measuring the fluorescence of the tubulin-colchicine
complex (43). A modified Dixon plot for the menadione was
obtained using colchicine as a competitive inhibitor. The reaction
mixtures containing tubulin (3 μM) and varied concentrations of
colchicine (5-15 μM) andmenadione (0-75 μM)were incubated
at 37 �C for 45min. The reciprocal of the fluorescence intensity of
the colchicine tubulin complex at 430 nm was plotted versus the
concentration of the menadione, while the excitation wavelength
was 380 nm. The resulting Dixon plot gave an approximate
Ki value for the menadione (44).
Statistical Analysis. Data are presented as the mean of at

least three independent experiments along with SEM. Statistical
analysis of data was conducted by a Student’s t test, by usingMS
Excel, and two measurements were statistically significant if the
corresponding p value was <0.05.

RESULTS

Menadione Inhibits Proliferation of KB and HeLa Cells.
Menadione inhibited proliferation of human cervical carcinoma
(HeLa) and human oropharyngeal carcinoma (KB) cell lines in a
concentration-dependent manner as measured by MTT assay
(Figure 1B,C) (explained in Experimental Procedures). Maximal
proliferation inhibition in the case of HeLa cells was observed at
24 h with 75 μM menadione, which inhibited 92.35% prolifera-
tion with the calculated IC50 value of 25.6 ( 0.6 μM, whereas in
KB cells, the maximum proliferation inhibition was observed at
24 h with 100 μMmenadione, which inhibited 83.70% prolifera-
tion. The IC50 value of in KB cells is 64.3 ( 0.36 μM.
Menadione Induces Apoptosis in HeLa Cells. To quantify

the mode of cell death (apoptosis or necrosis) induced by
menadione, HeLa cells were incubated in the absence and
presence of 10, 25, and 50 μM menadione for 24 h. Cells were
then stained with annexin V and PI and analyzed by flow
cytometry. Annexin V-positive/PI-negative cells were taken as

a measure of apoptosis. As shown in Figure 2A, vitamin K3
induced apoptosis of HeLa cells. The ratios of apoptotic cells
were 24.57, 44.09, and 66.45% when the cells were treated with
10, 25, and 50 μM menadione, respectively, while it was only
0.51% when the cells were cultured without menadione. The
increased fluorescence of the FITC-annexin V-positive apoptotic
cells was observed by confocal microscope with respect to
nonapoptotic control cells (Figure 2B). These results clearly
indicated that menadione induces apoptosis in HeLa cells.
Menadione Induces G2/M Cell Cycle Arrest of HeLa

Cells. To examine the mechanism responsible for menadione-
mediated cell growth inhibition, cell cycle distribution was ana-
lyzed using a flow cytometric method as shown in Figure 3A. The
ratios of untreated cells in G0/G1, S, and G2/M phases of the cell
cycle were 41.3, 7.37, and 18.16%, respectively, and in the presence
of 0.5 μM paclitaxel (used as a positive control), the ratios were
10.59, 11.79, and 44.82%, respectively. In the presence of 25 μM
menadione, the ratios of G0/G1, S, andG2/Mbecame 12.89, 7.76,
and 50.34%, respectively, resulting in a clear increase in the
percentage of cells in the G2/M phase compared to that of
untreated cells, and are comparable with those of paclitaxel-
treated cells, and this indicates that menadione arrests the HeLa
cell cycle at the G2/M phase.
Determination of theMitotic Index ofMenadione-Trea-

ted HeLa Cells. To further determine whether menadione
inhibited cell cycle progression in mitosis, the mitotic indices of
normal and menadione-treated HeLa cells were calculated by
confocal microscopy after fixing and staining of cells (details in
Experimental Procedures). In the absence of menadione, 4.5% of
HeLa cells were in mitosis; after the addition of menadione, as
cells entered the M phase of the cell cycle, many of them were
unable to progress through mitosis, and they began to accumu-
late in mitosis (Figure 3B,C and Table 1). Many of the cells that
were not blocked in mitosis were in an abnormal multinucleate
interphase and may have undergone an abortive mitosis and
reverted to interphase without successful cytokinesis (Figure 3B).
Again, the percentage of cells in mitosis was increased after
treatment of HeLa cells with menadione for 18 h in a concentra-
tion-dependent manner (Figure 3C). In the presence 10 and
25 μM menadione, 22 and 42% of total cells were in mitosis,

FIGURE 1: (A) Absorption spectrum of 50 μMmenadione. The inset
shows the chemical structure of menadione (2-methyl-1,4-naphtho-
quinone). (B and C) Concentration-dependent inhibition of cell
proliferation (MTT assay). Results of the MTT assay of 0-100 μM
menadione-treated HeLa cells (B) and KB cells (C). Details of the
experiment are given in Experimental Procedures.
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respectively. Table 1 also lists the distribution of the cell in different
mitotic phases, where it is evident that cells are mainly blocked on
the prophase/prometaphase and metaphase, whereas the arrest of
anaphase and telophase is comparatively weaker. Together, all
data indicated that menadione arrests HeLa cells in mitosis.

Disruption of the Interphase Microtubule Network of
HeLa Cells by Menadione. Because the tubulin-microtubule
system has a major role in the maintenance of cellular integrity
and because menadione induced apoptosis and arrest of mitosis
in HeLa cells, we were interested to know whether menadione
targets the microtubule network in cultured HeLa cells. This was
examined by confocal microscopy, and the results are shown in
Figure 4A-F. Control HeLa cells exhibited typical interphase
microtubule organization (Figure 4A,B). No effect of menadione
on the interphase microtubule network was apparent at mena-
dione concentrations below 10 μM.However, at relatively higher
menadione concentrations (25 μM), a significant reduction in
microtubule density occurred (Figure 4C,D). A substantial
reduction in the number of microtubules at the periphery of
the cells was apparent, and the central networks were disorga-
nized. Menadione depolymerized interphase microtubules
greatly in HeLa cells at 50 μM (Figure 4E,F).
Menadione Perturbs Mitotic Spindle Organization. In

untreated cells, normal bipolar spindles were observed with
chromosomes congressed in the form of compact metaphase
plates. Effects ofmenadione on the spindlemicrotubules ofHeLa
cells are shown in Figure 4G-L. Menadione depolymerized
spindle microtubules in a concentration-dependent manner. In
the presence of 10 and 25 μMmenadione, the chromosomes were
unable to organize in themetaphase plate. These results indicated

that menadione may inhibit microtubule polymerization and
reduce the microtubule density in the cytoplasm.
Menadione Reduces the Polymerized Microtubule Mass

in HeLa Cells. To quantify the effect of menadione on micro-
tubule mass in HeLa cells, Western blot analyses were performed
for the soluble tubulin and the assembled tubulin of HeLa cells
after treatment with menadione against anti-R-tubulin antibody.
As shown in Figure 4M, the level of soluble tubulin in mena-
dione-treated cells was decreased compared to that in control
cells (untreated cells). Cells treated with 25 and 50 μMmenadione
also showed a decreased amount of the polymer form of tubulin
(Figure 4M, lanes 2 and 3), while the total amount of tubulin
remains unchanged. These results show a pattern similar to that
of colchicine, a microtubule-depolymerizing agent (positive con-
trol, lane 4, Figure 4M).
Menadione Irreversibly Depolymerizes Microtubules in

HeLa Cells. Drugs like colcemid depolymerize microtubules
reversibly; on removal of the drug, the formation of new
microtubules or repolymerization of microtubules takes place
in cells (45). To determine whether menadione had the same
effect, we incubated theHeLa cells with the IC50 concentration of
menadione (25 μM) for 18 h, then washed off the menadione-
containing medium, washed the cells thrice with fresh PBS, and
finally replaced the fresh medium and placed the cells in a 37 �C
incubator for different periods of time (0-24 h). Finally, we
viewed them under a confocal microscope, and no significant
repolymerization of the microtubule network was observed
(Figure 5), which suggests the irreversible pattern of damage of
the microtubule network by menadiones like cryptophycin and
sanguinarin (46, 47).

FIGURE 2: Menadione induces apoptosis inHeLa cells. (A) AnnexinV-FITC/PI assay showing thatmenadione induces apoptosis inHeLa
cells. Untreated cells and cells treated with 10, 25, and 50 μM menadione were harvested following exposure for 18 h and stained with
annexin V-FITC and PI. The percentage of early apoptotic cells in the bottom right quadrant (annexin V-FITC positive/PI-negative
cells) as well as late apoptotic cells located in the top right quadrant (annexin V-FITC-positive/PI-negative cells). (B) Immunofluor-
escence study of annexin V-FITC-positive apoptotic HeLa cells. The left panels show the control cells (annexin V-FITC-
negative) and menadione-treated cells (annexin V-FITC-positive), and the right panels show the corresponding phase contrast images
of the cells.
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Menadione Suppresses Reassembly of Cold Depolymer-
ized Microtubules in HeLa Cells. Microtubules were depoly-
merized when the HeLa cells were incubated at 4 �C for 3 h (until
the cell appeared round), as shown in Figure 6B. Subsequently,
the kinetics of the reassembly of the microtubules in live HeLa
cells was monitored by incubating the cells with warm medium
containing different concentrations of menadione at 37 �C. In
control cells, depolymerized interphase microtubules reas-
sembled to form a normal microtubule network within 60 min
of incubation at 37 �C (Figure 6C). In the presence of 10, 25, and
50 μM menadione, microtubules failed to reassemble even after

incubation for 60 min at 37 �C (Figure 6C-E). In the absence of
menadione, spindle microtubules assembled fast and formed
normal mitotic spindles (Figure 6I). In the presence of 10, 25,
and 50 μM menadione, spindle reassembly was hindered
(Figure 6J,K) and it was not detectable in cells treated with
50 μM menadione (Figure 6M).
Inhibition ofMicrotubule Polymerization byMenadione

in Vitro. Since we have already noticed that menadione affects
the cellular architecture of human cervical carcinoma (HeLa)
cells by perturbing the intercellular microtubular network, we
examined the effect ofmenadione onmicrotubule polymerization

FIGURE 3: (A) Flow cytometric analysis of the cell cycle distribution ofHeLa cells treated withmenadione. CulturedHeLa cells were treatedwith
25 and 0.25 μMpaclitaxel separately for 18 h. Cell cycle analysis was conducted using BD FACScaliber, and data were analyzed with CellQuest
(Becton Dickinson). Here M1, M2, M3, and M4 indicate sub-G0, G0/G1, S, and G2/M phase, respectively. (B) Effect of menadione on
chromosomes of HeLa cells. Cultured HeLa cells were fixed and stained with DAPI (1 μg/mL) for the observation of chromosomes in different
stages of mitosis; also, normal and abnormal interphase nuclei are observed in the absence (control cells) and in the presence of menadione (10-
25μM) for 18 h.Details of the experiment are given inExperimental Procedures. (C)Effect ofmenadione onmitosis inHeLa cells. CulturedHeLa
cells were treated with 0-25 μMmenadione for 18 h. Cells were then fixed and stained withDAPI (1 μg/mL).Mitotic indices were determined by
counting interphase andmitotic cells at 40�magnification using a confocal microscope. At least 1000 cells per data point were counted. Data are
presented as means ( SEM (p< 0.01) where n= 3.

Table 1: Distribution of HeLa Cells in Different Mitotic Phases after Treatment with Menadionea

menadione (μM) inter (% of cells) pro/prometa (% of cells) meta (% of cells) ana/telo (% of cells)

0 95.5( 0.67 2.3( 0.31 1.2 ( 0.04 0.97( 0.33

20 76.3( 0.42 13.21( 0.76 7.84( 0.83 1.1( 2.3

23 61.23( 2.7 18.64( 0.97 20.41( 0.72 2.3( 1.4

aCells were grown on collagen-coated coverslips and treated with 0, 10, and 25 μMmenadione for 18 h. Cells were then stained with DAPI (1 μg/mL) and
counted for distribution in various phases of the cell cycle. At least 1500 cells on each slide were counted. Values are means ( SEM (p<0.03) where n=3.
Abbreviations: inter, interphase; pro, prophase; prometa, prometaphase; meta, metaphase; ana, anaphase; telo, telophase.
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using purified tubulin.We first analyzed the ability of menadione
to inhibit polymerization of purified tubulin into microtubules in
vitro by the light scattering assay (as explained in Experimental
Procedures). Purified tubulin (12 μM) was polymerized in the
absence or presence of different concentrations of menadione,
and the results of such experiments are shown in Figure 7A.
Menadione inhibited the rate and extent of tubulin polymeriza-
tion in a concentration-dependent manner (Figure 7B). For
example, the level of inhibition of polymerization was 74%when
80 μM menadione was added. The percentage inhibition of
microtubule polymerization was calculated using the absorbance
readings in the absence and presence of different concentrations
of menadione (Figure 5B), and 50% inhibition of microtubule
polymerization (IC50) occurred at a menadione concentration of
47.0 ( 0.65 μM (p < 0.01).
Menadione Binding to Tubulin. The binding of menadione

to tubulin has been studied by measuring the intrinsic quenching
of the tryptophan fluorescence of tubulin. Menadione quenches
the intrinsic tryptophan fluorescence of tubulin in a time- and
concentration-dependentmanner. Addition of 40 μMmenadione
to tubulin (1μM)quenches∼76%of the tryptophan fluorescence
of tubulin during a 30 min incubation at 25 �C (Figure 8A). The
level of quenching was∼17%whenmenadione was just added to
tubulin. The increase in the level of tryptophan quenching with
time indicates time-dependent binding at 25 �Cwhich is slow and
takes ∼30 min to reach completion. Similar results are observed

when colchicine is added to tubulin (data not shown). However,
menadione did not alter the λmax of the tryptophan emission
wavelength of tubulin, suggesting that the binding of menadione
did not alter the polarity of the immediate environment of
tryptophan residues in tubulin.

The association rate constant for different concentrations of
menadione with tubulin was determined by ligand-induced
quenching of tubulin fluorescence. Figure 8A shows the kinetic
profile for the binding of menadione to tubulin under pseudo-
first-order conditions for 30 min at 25 �C. The quenching data
were analyzed using a biexponential equation as explained in
Experimental Procedures (Figure 8B). The apparent second-
order rate constant for the first association phase calculated
from the equation as shown inExperimental Procedures has been
found to be 189.12 ( 17 M-1 s-1 at 25 �C, whereas the rate
constant for the slow association phase calculated from the same
equation is 32.44 ( 21 M-1 s-1 taking the average of nine
consecutive experimental data analyses at three different con-
centrations (20, 30, and 40 μM) of menadione. Under the same
experimental condition at 25 �C, we analyzed the fast phase and
slowphase association rate constants for association of colchicine
with tubulin using the biexponential equation, and the values
were 111.35 ( 24 and 72.61 ( 11 M-1 s-1, respectively.

The binding of menadione to tubulin was also monitored by
enhancement of menadione fluorescence upon binding with
tubulin. Menadione has weak fluorescence in neutral aqueous

FIGURE 4: (A-F) Effects of menadione on the interphasemicrotubules of HeLa cells. Cells were incubated with 0, 10, 25, and 50 μMmenadione
for 18h.Microtubules taggedwith rhodamine (red) andnuclei taggedwithDAPI (blue)were visualizedwith a confocalmicroscope asdescribed in
Experimental Procedures. (G-L) Effects ofmenadione on spindle microtubule and chromosome organization of the HeLa cells. HeLa cells were
grown in the absence and presence of 10 and 25 μM menadione for 18 h. The spindle microtubule was tagged with rhodamine (red), and the
chromosomal arrangement was tagged with DAPI (blue). Details of the experiment are given in Experimental Procedures. (M) Effect of
menadione on tubulin polymerization inHeLa cells.HeLacellswere treatedwith 0, 25, and 50μMmenadione over an18h period.Cellswere lysed
with a hypotonic lysis buffer. Following cell lysis, the polymerized and soluble form of tubulins was separated by centrifugation. Western blot
analysis was conducted using an antibody against R-tubulin.
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buffer (Figure 9A), with maxima at 424 nm upon excitation at
340 nm. When menadione was mixed with tubulin in a different
molar ratio, the fluorescence intensity of menadione increased
markedly (Figure 9A). For example, the fluorescence intensity of

5 μM menadione was increased ≈3-fold in the presence of an
equimolar concentration of tubulin; the emission spectrum of the
menadione showed a blue shift upon binding to tubulin, and
the emission maxima shifted to 418 nm. These results indicated
that the polarity of the environment of menadione and its
mobility are changed after menadione binds to tubulin.
Figure 9B shows the titration curve (menadione fluorescence
enhancement) of a constant amount of menadione (5 μM) with
various concentrations of tubulin (0-25 μM).

FIGURE 6: Immunofluorescence studyof tubulin reassembly inHeLacells in the presenceofmenadione after colddepolymerization. PanelsAand
Gshowthe interphase and spindlemicrotubule, respectively, before cold treatment.MicrotubulesofHeLacellsweredepolymerized by incubation
at 4 �C for 3 h (B and H). Cold media were replaced by warm media containing 0 (C and I), 10 (D and J), 25 (E and K), and 50 μMmenadione
(FandL) and incubated at 37 �C for 60min.Microtubules are taggedwith rhodamine (red), and nuclei are taggedwithDAPI (blue).Details of the
experiment are given in Experimental Procedures.

FIGURE 5: Immunofluorescence study showing the irreversible da-
mage pattern of interphase microtubules by menadione. After in-
cubation of HeLa cells with different concentrations of menadione
(0-25 μM), the mediumwas discarded, cells were washed thrice with
PBS, fresh medium was added, and after incubation for 0 (A and B),
12 (C and D), and 24 h (E and F) at 37 �C, images were taken with a
confocal microscope.Microtubules are taggedwith rhodamine (red).
Details of the experiment are given in Experimental Procedures.

FIGURE 7: Inhibition of microtubule assembly by menadione in
vitro. (A) Effect of menadione on microtubule polymerization
kinetics assessed by monitoring the increase in light scattering at
350 nm: control (0) and 5 (9), 10 (O), 20 (b), 40 (4), and 80 μM
menadione (2). (B) Inhibition of tubulin polymerization plotted as a
function of menadione concentration. Data are representative of
three similar experiments.
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The stoichiometry and the dissociation constant (Kd) of the
tubulin-menadione interaction have been estimated by measur-
ing menadione fluorescence enhancement. The stoichiometry of
the drug-protein complex was determined using the Job plot. In
this plot, concentrations of both tubulin and menadione were
varied while the total drug-protein concentration was kept fixed
at 5 μM.Results of such experiments are shown inFigure 9C.The
stoichiometry of binding calculated by using this method of
continuous variation has been found to be 1:1. From the titration
curve (Figure 9B) of a constant amount ofmenadione (5 μM) and
various concentrations of tubulin (0-25 μM), the binding data
were analyzed as described in Experimental Procedures, and the
analysis of the data yielded a linear plot with a dissociation
constant of 3.65( 0.25 μM (Figure 9D,E). Taken together, these
data suggested that menadione binds to tubulin at a single site.

The stoichiometry and the dissociation constant (Kd) of the
tubulin-menadione interaction have also been investigated by
measuring the effects of menadione on the intrinsic tryptophan
fluorescence of tubulin. As shown in Figure 10A, menadione
reduced the intrinsic tryptophan fluorescence of tubulin in a
concentration-dependent fashion. The stoichiometry of bind-
ing calculated by using this method of continuous variation
(Job plot) has also been found to be 1:1 (data not shown). The
double-reciprocal plot of the binding data (Figure 10B,C) yielded
a dissociation constant of 2.44 ( 0.34 μM, which is in excellent
agreement with the Kd obtained by the ligand fluorescence
titration.
Menadione Binds Tubulin Competitively at the Colchi-

cine Binding Site. Many structurally unrelated natural and
synthetic compounds that inhibit microtubule polymerization
bind to the colchicine-binding site of tubulin (26, 28, 29). Like
colchicine, menadione also inhibited tubulin polymerization.
Thus, we examined whether menadione binds at the colchicine
binding site of tubulin. Colchicine does not fluoresce in aqueous
solution, but it fluoresces when it binds to tubulin (47). Tubulin
was incubated with a fixed concentration of colchicine and
different concentrations of menadione (0-80 μM), and the
fluorescence of colchicine of different samples was measured at
430 nm while the excitation wavelength was 380 nm which
selectively excited only colchicine but not menadione. Although
absorption spectra of menadione and colchicine have some
overlap, the extinction coefficient of menadione at 380 nm
(862 M-1 cm-1) is very low compared to that of colchicine at
380 nm (7060 M-1 cm-1). We also checked the fluorescence
values of tubulin and menadione complexes at 430 nm after
excitation at 380 nm and found them to be very low, and those
values were subtracted from those of the corresponding tubulin-
menadione-colchicine complex.Menadione inhibited binding of
colchicine to tubulin in a concentration-dependent manner. The
data were analyzed using a modified Dixon plot (Figure 11A).
The results clearly indicate that binding of menadione to tubulin
was inhibited competitively by colchicine, yielding a Ki value of
2.5 μM. One of the important characteristics of colchicine
binding to tubulin is its irreversibility. This property of drug-
protein interaction has been found to be a property of colchicine
structure and its B-ring side chain. Here, we present interesting
data for an inhibitor that is structurally unrelated to colchicine
but bears important similarity with the colchicine-tubulin
interaction. To determine whether binding of menadione to
tubulin occurs in a reversible mode, we incubated menadione
(15 μM)with tubulin (3 μM) at 25 �C. At different time intervals,
the drug-protein complex was withdrawn and the extent of free

FIGURE 8: Kinetics of binding ofmenadione to tubulin. (A) Quench-
ing of tryptophan fluorescence of tubulin uponbinding ofmenadione
to tubulin. Tubulin (1 μM) in PEM buffer was mixed with 40 μM
menadione. The kinetics was followed for 30 min at 25 �C by
measuring the intensity of the intrinsic protein fluorescence at
335 nm upon excitation at 295 nm: trace 1, overall quenching of
tryptophan fluorescence; trace 2, fast phase; and trace 3, slow phase
as determined by the analysis described in Experimental Procedures.
(B) Semilogarithmic plot of ln Ft vs time. The biphasic plot obtained
was resolved into its component phases as described in Experimental
Procedures. The fast and slow phases are shown in traces 2 and 1,
respectively. Data are represented as means ( SEM (p < 0.01)
where n=3.

FIGURE 9: Binding of menadione to tubulin was assessed by fluore-
scence spectroscopy. (A) Graph a shows the fluorescence spectrum
of 5 μM menadione in PEM buffer, and graphs b-d show the
fluorescence spectrum of 5 μMmenadione in the presence of 5, 15,
and 25 μM tubulin, respectively. Excitation at 340 nm where the
emission maximum is at 418 nm. Spectra were recorded after
incubation for 30 min at 25 �C. (B) Titration of 5 μM tubulin with
the different concentrations (5-25 μM) of menadione. The excita-
tion wavelength was 340 nm. (C) Job plot for binding of menadione
to tubulin. The concentrations of tubulin and menadione
were varied continuously while the total concentration of mena-
dione and tubulin was kept constant at 5 μM. The corrected
fluorescence intensities at 418 nm were plotted against the mole
fractions of menadione. Data are represented as means ( SEM
(p<0.01) where n=3. (D) Double-reciprocal plot for binding
of menadione to tubulin. Fmax has been determined from the
1/(F - F0) and 1/[menadione] graph. (E) Linear plot of binding
of menadione to tubulin. Data are represented as means ( SEM
(p<0.01) where n=3. Data are representative of three identical
experiments.
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colchicine binding of tubulin was estimated using a colchicine
analogue without B-ring AC [2-methoxy-5-(20,30,40-trimethoxy-
phenyl)tropone], which binds tubulin instantaneously at the
colchicine site and gives fluorescence at 430 nm (28). Results of
such an experiment where fluorescence of AC was measured at
430 nm are shown in Figure 11B. The results indicate that the
fluorescence value of AC decreases with an increase in the
incubation time of the tubulin-menadione complex at 25 �C.
Here the fluorescence of the AC-tubulin complex without
menadione was taken to be 100% (control), and the fluorescence
of the tubulin-menadione complex incubated for 10min at 25 �C
was found to be 28% less than the control value. The fluorescence
of the complex decreases further to 52% when the complex is
incubated for 45 min. Under this identical condition, menadione
binds ∼78% (based on the calculation considering a Kd of
3.65 μMfor the tubulin-menadione complex) of the total tubulin
present in incubation mixture. Therefore, this data clearly
indicate that the interaction of menadione with tubulin is not
reversible in nature. These data are corroborated by irreversible
depolymerization of microtubules in HeLa cells by menadione.

DISCUSSION

Vitamin K3 cancer research has focused on two basic mechan-
isms to explain these effects. The older mechanism relies on an
oxidative effect produced by the one-electron cycling of vitamin
K3 that surpasses the oxidative capacity of the cancer cell, leading
to death (9). The latest research on vitaminK3 has led researchers
to discover an alternative anticancer mechanism of action that
acts at the level of protein kinases and phosphatases (18). Vitamin
K3 has been found to act on proteins such as c-myc and
c-fos (48), as it can promote both proliferation and apoptosis
depending on its expression. Cell cycle arrest has also been
found to be initiated by phosphatases at the level of cyclins,
which are critical in the cell cycle (48). A variety of inhibitors of
ABC drug transporters have been developed to date with the
objective of reversing resistance against anticancer drugs and

chemosensitizing the resistant cells to anticancer drugs. The fact
that vitamin K3 can inhibit the ABCG2-mediated function
suggests that these types of compounds can be developed as
inhibitors of this transporter to overcome ABCG2-mediated
multidrug resistance (49).

Although menadione is a potential anticancer agent, there is
no direct evidence of its target site inside the cell. The novel results
of this study are thatmenadione inhibited tubulin polymerization

FIGURE 10: Characterization of binding ofmenadione to tubulin using quenching of tryptophan residues of tubulin. (A)Menadione [1 (0), 2 (4),
5 (]), 10 ([), 25 (9), 50 (2), and 75 μM (b)] reduced the intrinsic tryptophan fluorescence of tubulin (2 μM)with respect to tubulin fluorescence
(]) in the absence of menadione. The excitation wavelength was 295 nm. The inset shows the percentage of tryptophan quenching at different
menadione concentrations. (B) Double-reciprocal plot of menadione binding to tubulin. Fmax has been determined from the 1/(F0 - F) and
1/[menadione] graph. (C) Linear plot of binding ofmenadione to tubulin.Data are represented asmeans( SEM (p<0.01) where n=3.Data are
representative of three identical experiments.

FIGURE 11: Menadione inhibited the binding of colchicine to tubu-
lin. (A) Modified Dixon plot. The concentrations of colchicine were
5 ([), 7.5 (9), 10 (2), and 15 μM(b). The reactionmixture contained
tubulin (3 μM) and menadione at the indicated concentration (0-
75 μM), and the mixture was incubated at 37 �C for 1 h. Data are
represented as means( SEM (p<0.01) where n=3. (B) Reversible
binding study. Tubulin at 3 μM was incubated with menadione
(15 μM) for different periods of time [0 (]), 5 (0), 10 (4), 20 (]),
30 (9), and 60min (b)], and then 30 μMACwas added to the sample
separately. Fluorescence spectra were recorded when the excitation
wavelength was 370 nm.
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in microtubules in vitro and significantly bound to the purified
tubulin. On the basis of the strong effects of menadione on
tubulin and microtubules in vitro, we also examined whether
menadione inhibited the proliferation of HeLa cells with an IC50

of≈26 μMandKB (human nasopharyngeal epithelial carcinoma
cell) cells with an IC50 of ≈63 μM; both cell lines express high
levels of P-glycoprotein and show resistance to a number of
anticancer drugs. Menadione significantly induced apoptosis in
the HeLa cells and also blocked the cell cycle at G2/M phase and
arrest at mitosis. Menadione depolymerized the interphase
microtubule and also disrupted the spindle assembly of the
mitotic cells. It showed an irreversible pattern of cellular damage
unlike vinblastine and colcemid (45) but like cryptophycin (46)
and sanguinarin (47). Cells treated with menadione remained
depleted ofmicrotubules for at least 24 h after the compoundwas
removed from the cultures. This irreversible damage pattern of
menadione may be due to irreversible loss of activity of tubulin
polymerization-promoting factors by denaturation and/or pro-
teolysis or irreversible damage of their binding pocket to tubulin.
These actions on mammalian cell tubulin and microtubules
suggest that the inhibition of cancer cell proliferation by mena-
dione in humans may be due in part to the perturbation of
microtubule function. We found that menadione inhibits the
polymerization of mammalian brain tubulin, with 50% inhibi-
tion (IC50) of polymerization occurring at a menadione concen-
tration of 46 μM. Thus, its ability to inhibit microtubule
polymerization is significant. The association of menadione with
the purified tubulin is biphasic in nature like that of colchicine,
with rate constants of 111.35( 24 and 72.61( 11M-1 s-1 for the
fast and slow phases, respectively. We have also shown that
menadione binds at the colchicine binding site of the tubulin with
a significant Ki value of 2.5 μM. Like that of colchicine, the
biphasic nature of the menadione-tubulin interaction arises
perhaps due to the differential binding property of menadione
to β-tubulin isotypes present in brain tubulin. We have used
ligand as well as protein fluorescence to determine the binding
affinity of menadione for mammalian brain tubulin. Using
enhancement of ligand fluorescence upon binding with tubulin
at 418 nm, we obtained a Kd of 3.65 ( 0.25 μM, whereas using
quenching of protein fluorescence, we obtained a Kd of 2.44 (
0.34 μM. Thus, the affinity of menadione for brain tubulin is
strong and robust. Colchicine binds to tubulin with high affinity
(Kd=0.1-0.5 μM). Interestingly, high concentrations of mena-
dione were required to inhibit microtubule polymerization (IC50

= 46 μM), whereas its affinity (Kd) for tubulin was ≈2.44-
3.65 μM. Thus, menadione probably does not inhibit micro-
tubule polymerization through a simple end poisoning mechan-
ism like that which occurs with colchicine and vinblastine.

In contrast to vitamin K3, phylloquinone (vitamin K1), which
is present naturally in green leafy vegetables and catabolized to
vitamin K3 inside the body, neither exhibits cytotoxicity against
HeLa cells nor disrupts the microtubule network in HeLa cells; it
even does not inhibit tubulin polymerization in vitro (data not
shown). Although the orally absorbed phylloquinone is strongly
catabolized to the menadione by 5-25% (7), dietary phylloqui-
none will be more than enough as menadione supplements inside
the body. In January 2001, The Food and Nutrition Board
(FNB) of the Institute of Medicine established the adequate
intake (AI) levels for vitamin K in U.S. adults are 120 μg/day (in
men) and 90 μg/day (in women). In an advanced malignancy
phase I trial of menadione given as a rapid intravenous infusion,
patients were able to tolerate dose levels from 40 to 200 mg/m2

with no hematological toxicity, although some grade I and grade
II hypersensitivity reactions occurred at the highest dose of
1360 mg/m2, but no dose-limiting organ system toxicity was
observed (50). This suggests that perhaps a longer infusion of
menadione would achieve the peak drug level which has already
been demonstrated to be cytotoxic for sensitive malignant
cell lines.

In summary, the antiproliferative activity of menadione has
been correlated to its ability to perturb microtubule networks
through tubulin binding at the colchicine site. Nature has
presented us the tubulin microtubule as a highly successful
anticancer target. Many natural compounds that target the
tubulin-microtubule system are in different stages of drug
development. Thus, menadione alone or in combination with
other antimicrotubule agents may be evaluated for its clinical
potential against several types of cancers.
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