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The Natural Naphthoquinone Plumbagin Exhibits Antiproliferative Activity and
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ABSTRACT: Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), a naphthoquinone isolated from the roots
of Plumbaginaceae plants, has potential antiproliferative activity against several tumor types. We have
examined the effects of plumbagin on cellular microtubules ex vivo as well as its binding with purified
tubulin and microtubules in vitro. Cell viability experiments using human non-small lung epithelium
carcinoma cells (A549) indicated that the ICsy value for plumbagin is 14.6 4uM. Immunofluorescence
studies using an antitubulin FITC conjugated antibody showed a significant perturbation of the interphase
microtubule network in a dose dependent manner. In vitro polymerization of purified tubulin into
microtubules is inhibited by plumbagin with an ICs, value of 38 & 0.5 uM. Its binding to tubulin quenches
protein tryptophan fluorescence in a time and concentration dependent manner. Binding of plumbagin to
tubulin is slow, taking 60 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 235.12 + 36 M~ ! s~ ! and 11.63 +
11 M~ s71 at 25 °C respectively. The stoichiometry of plumbagin binding to tubulin is 1:1 (mole:mole)
with a dissociation constant of 0.936 = 0.71 uM at 25 °C. Plumbagin competes for the colchicine binding
site with a K; of 7.5 uM as determined from a modified Dixon plot. Based on these data we conclude that
plumbagin recognizes the colchicine binding site to tubulin. Further study is necessary to locate the

pharmacophoric point of attachment of the inhibitor to the colchicine binding site of tubulin.

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), a
naturally occurring yellow pigment, is found in the root of
Plumbaginaceae plants (I). It has been used in Indian
traditional medicine for more than 2500 years and possesses
antiatherosclerotic (2), antiparasitic (3), antimicrobial (4, 5),
and antioxidant properties (5). Plumbagin has also been
shown to exert anticancer and antiproliferative activities in
animal models as well as in cells in culture (6—13). It exhibits
an inhibitory effect on carcinogenesis in the intestines and
significantly inhibited azoxymethane-induced intestinal car-
cinogenesis in rats, suggesting its chemopreventive activity
(7). Plumbagin causes cytogenetic and cell cycle changes in
mouse Ehrlich ascites carcinoma, and possesses antiprolif-
erative activity in human cervical cancer cells (7, §). It
induces Go/M cell cycle arrest through the induction of p21
(an inhibitor of cyclin-dependent kinase) (/0-12). Recent
reports showed that plumbagin has chemotherapeutic poten-
tial as an anticancer agent in ovarian cancer cells possessing
a mutant BRCAI gene (8) and also suppresses the NF-kB
activation (/3).
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Microtubules are dynamic polymers composed of the
tubulin heterodimer (ot and ) subunits. They perform a
variety of cellular functions, including mitosis, cell division,
cell motility, maintenance of cell shape and structure, cell
signaling, and organelle transport (/4-18). Normal cell
division requires proper construction of the mitotic spindle
apparatus, and microtubule dynamics play a critical role
during the formation and function of this spindle apparatus.
The tubulin—microtubule equilibrium in a cell has been a
very popular target for anticancer drug development; such
drugs bind either tubulin or the microtubule and affect the
dynamicity of microtubules (/9). While paclitaxel and
vinblastine are two widely used drugs employed for treating
different types of cancer, many natural products target either
tubulin or microtubules and are in different stages of drug
development (20-30).

So far, all studies with plumbagin reported either in vivo
or ex vivo conditions. There has been no report of plumbagin
binding to purified protein in vitro. In this study, we
examined the binding activity of plumbagin with tubulin and
microtubules. We found that in vitro plumbagin binds to
tubulin at the colchicine binding site, quenches tryptophan
fluorescence and inhibits microtubule polymerization. We
also studied the ex vivo perturbation of interphase microtu-
bules in human non-small lung epithelial cancer cells (A549)
and found that microtubule perturbation correlates well with
the antimitotic activity of plumbagin. Our results demonstrate
the novel activity of plumbagin that it inhibits cell prolifera-
tion and induces cell killing is by disruption of cellular
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FIGURE 1: The absorption spectrum of 50 M plumbagin, and the

inset shows the chemical structure of plumbagin (5-hydroxy-2-
methyl-1,4-naphthoquinone).

microtubules through tubulin binding. Thus, plumbagin alone
or in combination with other antimicrotubule agents may be
evaluated for its clinical potential against several types of
cancers.

EXPERIMENTAL PROCEDURES

Materials. Nutrient mixture F12 Ham (supplemented with
1 mM L-glutamine), fetal bovine serum, penicillin-strepto-
mycin and amphotericin B were purchased from HyClone,
USA; Trypsin-Versene was purchased from Cambrex Bio-
science, USA; and plumbagin, DAPIL,! FITC conjugated
monoclonal anti-o-tubulin antibody (raised in mouse), gua-
nosine 5’-triphosphate (GTP), PIPES, MgCl,, and EGTA
were purchased from SIGMA, USA. The Bradford Protein
estimation kit was from Genei, India. All other chemicals
and reagents were local products of analytical grade.

Purification of Tubulin from Goat Brain. Microtubular
proteins were isolated from goat brain by two cycles of a
temperature-dependent assembly and disassembly process.
Pure tubulin was isolated from microtubular proteins by two
additional cycles of temperature-dependent polymerization—
depolymerization using 1 M glutamate buffer for assembly
(31). All experiments were performed in PEM buffer (50
mM PIPES, pH 6.9, | mM EGTA, 0.5 mM MgCl,) unless
otherwise mentioned. Aliquots were flash-frozen in liquid
nitrogen and stored at —70 °C. The protein concentration
was estimated by the method of Bradford (32) using bovine
serum albumin as the standard.

Preparation of Plumbagin Solution. Plumbagin (molecular
weight: 188.18), 1 mg of dry powder by weight, was directly
dissolved in 100% DMSO (total volume 1 mL). The molar
extinction coefficient (¢) was calculated from the absorption
spectrum of 50 uM plumbagin in PEM buffer as shown in
Figure 1. The molar extinction coefficient was 4590.6 £ 1.16
M~tem™! (P < 0.02) at 410 nm and 15634.10 4= 0.76 M~!
cm™! (P < 0.01) at 265 nm respectively. Concentration of
plumbagin was calculated using molar extinction coefficient
4590 M~! cm™! at 410 nm. All experiments were done
preparing secondary solutions in PEM buffer where final
DMSO concentration was less than 1%.

Cell Culture. Human lung epithelial carcinoma cells
(A549) were maintained in the nutrient mixture F12 Ham

! Abbreviation: PIPES, 1,4-piperazinediethanesulfonic acid; EGTA,
ethylenebis(oxyethylenenitrilo)tetraacetic acid; GTP, guanosine 5'-
triphosphate; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein
isothiocyanate; AC, (2-methoxy-5-(2°,3",4’-trimethoxyphenyl)-tropone).
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supplemented with 1 mM L-glutamine, 10% fetal bovine
serum, 50 ug/mL penicillin, 50 pg/mL streptomycin and 2.5
ug/mL amphotericin B. Cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO,. Cells were grown
in tissue culture flasks until they were 80% confluent before
trypsinization with 1 x Trypsin-Versene and splitting.
Normal and treated cell morphology was observed and
brightfield images were taken by Olympus inverted micro-
scope model CKX41.

Cell Proliferation Inhibition Assay (MTT Assay). Inhibition
of cell proliferation by plumbagin was measured by MTT
(3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide) assay. Cells were plated in 96-well culture plates (1
x 10* cells per well). After 24 h incubation, the cells were
treated with plumbagin (0, 5, 10, 20, 30 and 50 uM) for
12 h. MTT (5 mg/mL) dissolved in PBS and filter sterilized,
then 20 uL of the prepared solution was added to each well.
This was incubated until purple precipitate was visible.
Subsequently 100 uL of Triton-X was added and incubated
in the well under darkness for 2 h at room temperature. The
absorbance was measured on an ELISA reader (Multiskan
EX, Labsystems, 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 = [100 — (A/A,) x 100]% (1

where A, and A, indicate the absorbance of the test substances
and solvent control, respectively (/2).

Sample Preparation for Confocal Microscopy. Human
lung epithelial carcinoma cells (A549) were seeded on
coverslips at a density of 1 x 10° cells/mL and incubated in
the presence of different doses of plumbagin (0— 50 uM)
for 3 h. Plumbagin containing medium was then removed,
and the cells were washed twice with PBS and fixed by
incubation in 2% paraformaldehyde at room temperature for
1 h. Cell permeable solution (0.1% Na-citrate, 0.1% Triton)
was added, and cells were incubated at room temperature
for 1 h. Nonspecific binding sites were blocked by incubating
the cells with 5% BSA in PBS overnight at 4 °C. Cells were
then incubated with mouse monoclonal antibody-FITC
conjugated (antimouse IgG) to a-tubulin (1:100 dilution) and
DAPI to nucleus (1:1000 dilution of 1 mg/mL stock solution)
for 2 h at 37 °C. After incubation, cells were washed twice
with PBS and pictures were taken using a Ziess LSM 510
Meta confocal microscope.

Microtubule Polymerization. Tubulin (1.2 mg/mL) was
mixed with different concentrations of plumbagin (0—85 uM)
and incubated for 60 min at 25 °C. Polymerization reaction
was initiated by incubating the tubulin—plumbagin complex
in polymerization buffer (1 mM MgSO,, 1 mM EGTA, 1.0
M monosodium glutamate, pH 6.8) at 37 °C adding 1 mM
GTP in the assembly. Tubulin polymerization reaction was
monitored by light scattering at 350 nm using a V-630 Jasco
spectrophotometer (33).

Transmission Electron Microscopy. Tubulin (1.2 mg/mL)
was polymerized at 37 °C in the absence and presence of
plumbagin, for 60 min. Microtubules were then fixed in 0.5%
prewarmed glutaraldehyde for 5 min. Each sample (10 uL)
was loaded on carbon-coated electron microscope grids (300-
mesh) for 20 s and blotted dry. The grids were subsequently
negatively stained with 1% uranyl acetate and air-dried. The



7840  Biochemistry, Vol. 47, No. 30, 2008

samples were viewed using a Philips Fei Technai Spirit
electron microscope. Images were taken at 63000 x magni-
fications (30).

Binding Measurements by Fluorescence Spectroscopy. All
fluorescence measurements were performed using a Hitachi
fluorescence spectrophotometer model F-3010 equipped with
a constant temperature water-circulating bath. A 1 cm path
length quartz cuvette was used for all fluorescence measure-
ments. Quenching of tryptophan fluorescence of tubulin upon
plumabagin binding was used to calculate several binding
parameters of tubulin plumbagin interactions. Fluorescence
data was corrected for the inner filter effect according to
equation of Lakowicz (34),

F,.=F,antilog[(A_+A.,)/ 2] 2)

where A is the absorbance at the excitation wavelength and
Aem 1s the absorbance at emission wavelength (34). All
absorbance measurements were performed using a JASCO
V-630 spectrophotometer.

Association Kinetics. The kinetics of association of plum-
bagin with tubulin was measured under pseudo-first-order
reactions (where the ligand was presentin alarge excess) (35, 36).
Tubulin concentration was 1 uM in all cases, and the
plumbagin concentrations were 20 uM, 30 M and 40 uM
in three sets of rate constant measurements. The ligand was
added to tubulin solution, and emission at 335 nm was
measured upon excitation at 295 nm with time at 25 °C using
5 nm excitation and 10 nm emission slits. The quenching
data were analyzed according to the methods of Lambier
and Engelborghs (37) and others (35, 36) after correction of
the inner filter effect.

F=Ae M' + Be ™ +C 3)
where F is the fluorescence of the ligand—tubulin complex
at time 7, A and B are the amplitudes for the fast and slow
phases, k; and k; are the pseudo-first-order rate constants
for the fast and the slow phases, respectively, and C is an
integration constant. The data were analyzed by Microcal
Origin version 7.0 software. The apparent second-order rate
constants for fast and slow phases were obtained by dividing
the observed rate constant for the fast phase (k;) and slow
phase (k») by the ligand concentration.

Job Plot. The stoichiometry of binding was determined
using the method of continuous variation (38, 39). Several
mixtures of tubulin and plumbagin were prepared by
continuously varying concentrations of tubulin and plum-
bagin in the mixture keeping the total concentration of
plumbagin plus tubulin constant at 5 #«M. Reaction mixtures
were incubated at 25 °C for 60 min, and the quenching of
tryptophan fluorescence was recorded at 335 nm.

Dissociation Constant (K,). Tubulin (2 uM) was incubated
with varying concentrations of plumbagin (0—30 uM) at 25
°C for 60 min. The fluorescence intensity was measured at
335 nm upon excitation at 295 nm. The apparent decrease
in the fluorescence values in the presence of varying
concentrations of plumbagin were corrected for the inner
filter effect. The fraction of binding sites (X) occupied by
plumbagin was determined using an equation X = (F, —
F)/Fnax, where F is the fluorescence intensity of tubulin in
the absence of plumbagin, F' is the corrected fluorescence
intensity of tubulin in the presence of plumbagin, and Fi.x
is calculated from the plot of 1/(F — F) versus 1/[plumbagin]
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FIGURE 2: Concentration-dependent inhibition of cell proliferation
(MTT assay). Results of MTT assay of (0—50 M) plumbagin-

treated A549 cells. Details of the experiment are given in
Experimental Procedures.

and extrapolating 1/[plumbagin] to zero as shown in Figure
7B. The dissociation constant (Kq) was determined using the
relationship (29, 40)

Froo(Fy = F) =1+ K{L; “4)

where L; represents free plumbagin concentration; Ly = C
— X[Y], where C is the total concentration of plumbagin
and [Y] is the molar concentration of ligand-binding sites
using a stoichiometry of 1:1 as determined from the Job plot.
Modified Dixon Plot. A modified Dixon plot for
plumbagin—tubulin binding was obtained using colchicine
as a competitive inhibitor. Colchicine binding to tubulin
in the presence of plumbagin was determined by measur-
ing the fluorescence of tubulin—colchicine complex (47).
The reaction mixtures containing tubulin (3 4M) and a
range of concentrations of colchicine (5—15 uM) and
plumbagin (0—50 uM) were incubated at 37 °C for 45
min. The reciprocal of the fluorescence intensity of the
colchicine tubulin complex at 430 nm was plotted against
the concentration of the plumbagin. The resulting Dixon
plot gave an approximate K; value for the plumbagin (47).
Statistical Analysis. Data are presented as the mean of at
least three independent experiments along with SEM.
Statistical analysis of data was done by Student’s 7 test, by
using MS Excel, and two measurements were statistically
significant if the corresponding p value was <0.05.

RESULTS AND DISCUSSION

Plumbagin Inhibits Cell Proliferation of A549 Cells.
Plumbagin is known to inhibit cell proliferation with ICs,
value of 11.7 uM for human non-small lung cancer (A549)
cells (10). Using the same cell line (A549) we have
reproduced these results under our experimental conditions.
Plumbagin inhibited cell proliferation in A549 cancer cell
lines in a concentration-dependent manner as measured by
MTT assay (Figure 2) (explained in Experimental Proce-
dures). Maximal proliferation inhibition observed was 84.6%
at 12 h with 50 uM plumbagin, with calculated ICs, value
of 14.6 £ 0.3 uM. Therefore, our result corroborated well
with previously reported value (0).

Alteration in Cellular Morphology of A549 Cells by
Plumbagin. Plumbagin has been shown to arrest cell cycle
at G2/M phase and induce apoptosis in a number of cell
lines (10, 12). We were interested to see the effect of
plumbagin on cellular morphology of human non-small cell
lung cancer cells (A549). Lung epithelium carcinoma (A549)
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FIGURE 3: Bright field images of the plumbagin treated A459 cells were taken by Olympus inverted microscope model CKX41. Effects of
plumbagin (0—50 uM) on cellular architecture of A549 cells in 3 h [A—H] are shown.

cells were incubated in the presence of varying concentrations
of plumbagin (0—50 #M) for 3 h. Aberrations in the cellular
morphology such as contraction and shrinkage were observed
(Figure 3). Bright field images of the treated cells were taken
by Olympus inverted microscope model CKX41. Below 10
UM concentration of plumbagin, there was no significant
change in the morphology of the cells. Cell shapes started
changing above 10 M plumbagin, and the cells became
smaller in size and more round-shaped at and above 50 uM
(Figure 3). These results clearly indicated that plumbagin is
responsible for the altered morphology of A549 cells.

Disruption of Interphase Microtubule Network of A549
Cells by Plumbagin. The tubulin—microtubule system plays
a major role to maintain cellular morphology. Because
plumbagin effectively altered the morphology of A549 cells
(Figure 3), we were interested to know whether plumbagin
targets the microtubule network in A549 cultured cells. This
was examined by confocal microscopy (Figure 4). Control
A549 cells showed typical interphase microtubule organiza-
tion. No effect of plumbagin on the interphase microtubule
network was apparent at concentrations below 10 uM.
However, at higher plumbagin concentrations (30 uM), a
significant reduction of microtubule density occurred. This
reduction in the number of microtubules at the periphery of
the cells was apparent with disorganized central networks.
Plumbagin strongly disrupted interphase microtubule in A549
cells at 50 uM concentration, and these results indicated that
plumbagin may also perturb microtubule dynamics. Several

microtubule inhibitors have been shown to suppress micro-
tubule dynamics strongly (23-30).

Inhibition of Microtubule Polymerization by Plumbagin
in Vitro. Since plumbagin affects the cellular architecture
of cells by perturbing the intercellular microtubular network,
the effect of plumbagin on microtubule polymerization was
examined using purified tubulin by light scattering assay (as
explained in Experimental Procedures). Purified tubulin (12
uM) was polymerized in the absence or presence of different
concentrations of plumbagin, and the results of such experi-
ments are shown in Figure SA. Plumbagin inhibited the rate
and the extent of tubulin polymerization in a concentration-
dependent manner (Figure 5A). Thus, the inhibition of
polymerization was 68% when 85 uM plumbagin was used,
and 50% inhibition of microtubule polymerization (ICsp)
occurred at plumbagin concentration of 38.5 4+ 0.5 uM (P
< 0.01).

This inhibition of the tubulin polymerization, in the
presence of plumbagin, as observed by light scattering assay,
could be due to the formation of very short microtubules,
altered polymer morphology or formation of small aggregates
of tubulin. To distinguish among these possibilities, polymers
formed in the presence of plumbagin were examined by
electron microscopy. Consistent with previous reports (3/)
tubulin polymerized in the presence of 1 M glutamate formed
mainly open sheets of parallel protofilaments (Figures 5B).
In the presence of 30 uM plumbagin, peeling of protofila-
ments was observed and large protofilaments were frag-



7842  Biochemistry, Vol. 47, No. 30, 2008

Acharya et al.

FIGURE 4: Immunofluorescence study of interphase microtubule depolymerization of A549 cells by plumbagin. Effects of (0—50) uM
plumbagin on microtubule networks of A549 cells in different fields as shown in panels [A—H]. Control indicates solvent (0 0.1% DMSO)
treated cells. Microtubule is tagged by FITC (green), and nucleus is tagged by DAPI (blue).
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FIGURE 5: Effect of plumbagin on tubulin polymerization. (A)
Tubulin (12 uM) was mixed with plumbagin at different concentra-
tions as follows: O (W), 15 (O), 25 (a), 35(<), 50 (O), and 85 (x)
uM at 37 °C in PEM buffer and assembly reaction monitored for
the indicated period 37 °C. (B) Microtubules in the absence (left
panel) and presence of 30 uM plumbagin (right panel) as visualized
by electron microscopy. Images were taken at 63000 x magnifica-
tion. Details of the polymerization reaction and electron microscopy
are explained in Experimental Procedures.

mented into small protofilaments with respect to the control
microtubular structure.

Plumbagin Binding to Tubulin. The binding of plumbagin
to tubulin has been studied by measuring the quenching of
the intrinsic tryptophan fluorescence of tubulin. Plumbagin

quenches the intrinsic tryptophan fluorescence of tubulin in
a time- and concentration-dependent manner. Addition of
40 uM plumbagin to tubulin (1 M) quenches about 80%
of its tryptophan fluorescence during 60 min incubation at
25 °C (Figure 6A). Without incubation quenching was about
15% when plumbagin was added to tubulin. Increase of
tryptophan quenching with time indicates time-dependent
binding at 25 °C, which took about 60 min for completion.
Similar results were observed when colchicine was added
to tubulin (data not shown). Plumbagin did not alter the A«
of the tryptophan emission wavelength of tubulin, suggesting
that the binding of plumbagin did not alter the polarity of
the immediate environment of tryptophan residues in tubulin.

The association rate constants of tubulin—plumbagin
interactions were determined using different concentrations
of plumbagin (20 uM, 30 uM, and 40 uM) with 1 uM tubulin
by ligand-induced quenching of tubulin fluorescence. Figure
6A shows the time course of the quenching of tryptophan
fluorescence upon plumbagin binding to tubulin under
pseudo-first-order conditions. The logarithmic plot in Figure
6B shows the presence of two phases when analyzed
according to the method of Lambier and Engelborghs (37)
and others (35, 36) as explained in Experimental Procedures.
Apparent second-order rate constants for the fast phase and
slow phase have been found to be 235.12 + 36 M~! s7! and
11.63 + 11 M~ s~ at 25 °C respectively taking the average
of nine determinants using three different concentrations of
plumbagin. Under the same experimental conditions and
analysis, the apparent second-order rate constants of colchi-
cine binding to tubulin were similar to previously reported
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FIGURE 6: Kinetics of plumbagin binding to tubulin. (A) Quenching
of tryptophan fluorescence of tubulin upon binding of plumbagin
to tubulin. Tubulin (1 #uM) in PEM buffer was mixed with 40 uM
plumbagin. Kinetics was followed for 60 min at 25 °C by measuring
the intensity of intrinsic protein fluorescence at 335 nm upon
excitation at 295 nm. Trace 1, overall quenching of tryptophan
quenching; trace 2, fast phase; trace 3, slow phase as determined
by the analysis described in Experimental Procedures. (B) The
semilogarithmic plot of In F, versus time. The biphasic plot obtained
was resolved into its component phases as described in the
Experimental Procedures. The fast and slow phases are shown in
2 and 1 respectively. Data are represented as mean == SEM (P <
0.01) where (n = 3).

values (data not shown) (42). It is established that the
biphasic nature of the colchicine—tubulin interaction arises
due to differential binding property of colchicine to -tubulin-
isotypes present in brain tubulin (42—44). Colchicine and
plumbagin are structurally unrelated. Nevertheless, both
ligands recognize and differentiate the colchicine binding site
of -tubulin in a similar way.

The stoichiometry and the dissociation constant (K,) of
the tubulin—plumbagin interaction have been estimated by
measuring the tryptophan quenching of tubulin upon plum-
bagin binding. Stoichiometry of the ligand—protein complex
was determined using the Job plot. In this plot, concentrations
of both tubulin and plumbagin were varied keeping the total
drug—protein concentration fixed at 5 uM. Results of such
experiments are shown in Figure 7A. The stoichiometry of
binding, calculated by using this method of continuous
variation (38, 39), was found to be 1:1.

The dissociation constant was estimated from Figures 7B
and 7C. Figure 7B shows the quenching profile of a fixed
amount of tubulin (2 uM) with various concentrations of
plumbagin (0—30 #M). All fluorescence data were corrected
for the inner filter effect. Either the dissociation constant (Ky)
or the stoichiometry can be obtained from such plots if the
other is known. We determined the dissociation constant (Ky)
as the stoichiometry was already determined as 1:1. Details
of the binding data analysis have been described in the
Experimental Procedures, and the analysis of the data yielded
a linear plot (Figure 7C) with a dissociation constant of 0.936
+ 0.71 uM (P < 0.01).

Plumbagin Binds Tubulin Competitively at the Colchicine
Binding Site. Many structurally unrelated natural and syn-
thetic compounds that inhibit microtubule polymerization

Biochemistry, Vol. 47, No. 30, 2008 7843

bind to the colchicine-binding site of tubulin (25). Like
colchicine, plumbagin also inhibited tubulin polymerization.
Thus, we examined whether plumbagin binds at the colchi-
cine binding site of tubulin. Colchicine does not fluoresce
in aqueous solution, but it fluoresces when bound to tubulin
(45). Tubulin was incubated with a fixed concentration of
colchicine and different concentration of plumbagin (0—30
uM), and the fluorescence of colchicine of different samples
was measured. Plumbagin inhibited colchicine binding to
tubulin in a concentration-dependent manner. The data were
analyzed using a modified Dixon plot (Figure 8A). The
results clearly indicate that binding of plumbagin to tubulin
is competitively inhibited by colchicine, yielding a K; value
of 7.5 uM.

One of the important characteristics of colchicine binding
to tubulin is its irreversibility. This property of the
drug—protein interaction has been found to be associated
with colchicine structure, especially its B-ring side chain.
Although plumbagin, an inhibitor for the drug colchicine,
bears significant similarity with the colchicine—tubulin
interaction, its structure is unrelated with colchicine. To
determine the reversibility of the plumbagin—tubulin interac-
tion, plumbagin (15 M) was incubated with tubulin at 25
°C (46). At different time intervals, aliquots of drug—protein
complex were withdrawn and the extent of free colchicine
binding site of tubulin was estimated by adding a colchicine
analogue AC (2-methoxy-5-(2’,3",4’-trimethoxyphenyl)-
tropone), which binds tubulin instantaneously at the colchi-
cine site and emits fluorescence with A, at 430 nm. Results
of such an experiment where fluorescence of AC was
measured at 430 nm are shown in Figure 8B. The results
indicate that the fluorescence of AC decreases with increasing
incubation time of the tubulin—plumbagin complex at 25
°C. Here, the fluorescence of the AC—tubulin complex
without plumbagin was considered as 100% (control) and
the fluorescence of the tubulin—plumbagin complex incu-
bated for 10 min at 25 °C was found to be 80% of the control
value. Fluorescence of the complex decreased further to 42%
when the complex was incubated for 60 min. The experi-
mental data clearly indicate that the nature of interaction of
plumbagin with tubulin is irreversible.

In the present study the antiproliferative activity of plumbagin
has been correlated to its ability to disrupt microtubule polym-
erization through tubulin binding. Plumbagin is structurally
unrelated to colchicine, yet it binds tubulin at the colchicine
site. Like colchicine, its binds slowly, requiring about 60 min
at 25 °C for equilibration. The values of the rate constants are
comparable to that of colchicine. The stoichiometry of binding
is one mole of ligand per mole of tubulin. The K, value is
around 1 uM. Like colchicine binding to tubulin, plumbagin
binds irreversibly. The ICsy value of plumbagin of cells in
culture is 1000-fold higher than popular antimitotic agents like
paclitaxel, colchicine and vinblastine (47). The reason for the
higher ICs, value of plumbagin of cells in culture is not known.
One possibility is that the local concentration of plumbagin
inside cells for reaction with tubulin—microtubule is low. This
may be due to the fact that plumbagin has many other activities
in cells (6—13, 48). Many natural compounds like curcumin,
sanguinarine, quercetin and verapamil have antimitotic activities
with higher ICs values (comparable with plumbagin) of cells
in culture, and these compounds also have many other activities
in cells (26, 49, 50). Antimitotic compounds commonly perturb
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fluorescence intensities at 335 nm were plotted against the mole fractions of plumbagin. Data are represented as mean £ SEM (P < 0.01)
where n = 3. (B) Double reciprocal plot of plumbagin binding to tubulin. Fi,,x has been determined from the 1/(Fy — F) and 1/[plumbagin]
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FIGURE 8: Plumbagin inhibited the binding of colchicine to tubulin.
(A) Modified Dixon plot. The concentrations of colchicine were 5
UM (®),7.5 uM (l), 10 uM (A) and 15 uM (@) respectively. The
reaction mixture contained tubulin (3 #M) and plumbagin at the
indicated concentration (5—50 uM), and they were incubated at
37 °C for 1 h. Data are represented as mean = SEM (P < 0.01)
where n = 3. (B) Reversible binding study. Tubulin 3 uM was
incubated with plumbagin (15 uM) for different time intervals, O
min (<), 5 min (O), 10 min (A), 20 min (O), 30 min (M) and 60
min (@), and then 30 uM AC was added in the sample separately.
Fluorescence spectra were taken when the excitation wavelength
was 370 nm.

mitotic spindle function by interfering with microtubule dynam-
ics, and this effect is reflected in their abilities to modulate the
polymerization of microtubules in vitro. Inhibition of polym-
erization of tubulin into microtubules by plumbagin suggests
that it may interfere with the microtubule dynamics also. There
are three distinct antimitotic drug binding sites in tubulin which
are targeted for the anticancer drug developments. Although

no drug has been developed yet for targeting the colchicine
binding site, there are few drugs which are in the advance stage
of clinical trails. Paclitaxel is most successful among anticancer
drugs currently used in chemotherapy. However, currently
available antimitotic drugs suffer from the problem of multidrug
resistance. Another limitation of these drugs is their specificity
toward a particular type of tumor. Therefore there is a need to
develop a large numbers of drugs and their analogues, with and
without structural similarity and variations of substituents against
a particular drug binding site. A large pool of drugs is also
essential from the point of view of drug design. For this purpose,
further research is necessary to establish pharmacophoric points
of attachment of plumbagin at the colchicine binding site.
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