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ABSTRACT

10-[(3-Hydroxy-4-methoxybenzylidene)]-9(10H)-anthracenone (HMBA), a synthetic compound, has
been reported to have a potent antitumor activity. In this study, we found that HMBA depolymerized
microtubules in MCF-7 cells and produced aberrant spindles in the MCF-7 cells. It also reduced the
distance between the centrosomes and activated the mitotic checkpoint proteins BubR1 and Mad2.
Further, HMBA inhibited the progression of MCF-7 cells in mitosis and induced apoptotic cell death
involving p53 pathway. In vitro, HMBA bound to purified brain tubulin with a dissociation constant of
4.1 £0.9 puM. It inhibited microtubule assembly and increased the GTP hydrolysis rate of microtubule
assembly. The compound did not alter the binding of 2(or 3')-O-(trinitrophenyl) guanosine 5’-triphosphate
(TNP-GTP), a fluorescent analogue of GTP, to tubulin suggesting that it did not inhibit the binding of GTP to
tubulin. However, we obtained evidence indicating that HMBA perturbed the conformation of the GTP
binding site in tubulin. In addition, an analysis of the modified Dixon plot suggested that HMBA competitively
inhibited the binding of colchicine to tubulin. A computational analysis of the binding of HMBA to tubulin
supported the finding that HMBA shared its binding site with colchicine in tubulin and indicated that the

binding of HMBA to tubulin was primarily stabilized through hydrogen bonding.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

HMBA (Fig. 1) was used in several phase I and one phase II
clinical trials against different human cancers in the 1980s and
1990s. It has shown solid tumor regression in several phase I trials
when administered to patients with treatment-refractory or
unresponsive tumors [1-3]. However, the efficacy was limited
due to side-effects e.g. neurotoxicity or thrombocytopenia. In a
phase II clinical trial involving patients suffering from myelodys-
plastic syndrome or acute myelogenous leukemia, HMBA caused a
partial or complete amelioration of symptoms in 9 out of 41
patients [4]. Apart from anticancer activity, HMBA has also shown
promise in treating HIV infections [5]. HMBA treatment of latent
CD4+ T cells from recovering patients carrying HIV-1 showed
clearance of the latent virus.

In spite of its relative success in clinical trials, its mode of action
was not clear. Based upon studies on cultured cells, HMBA was
thought to induce differentiation in malignant cells so that they

Abbreviations: 1gG, immunoglobulin G; GTP, guanosine triphosphate; GDP,
guanosine diphosphate; FITC, fluorescein isothiocyanate; ANS, 1-anilinonaphtha-
lene-8-sulfonic acid; EGTA, ethylene glycol-bis(3-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid; DAMA-colchicine, N-deacetyl-N-(2-mercaptoacetyl)-colchicine;
PI, propidium lodide; PBS, phosphate buffered saline; DMSO, dimethyl sulfoxide.
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return to normalcy after differentiation [6]. It was suggested that
HMBA induced differentiation in murine erythroleukemia cells by
modulating protein kinase C mediated signaling pathway and by
suppressing cdk4-dependent kinase activity and hypophosphor-
ylating retinoblastoma tumor suppressor protein [7,8]. HMBA has
been suggested to inhibit Akt and MAPK signaling cascade in lung
cancer cells [9]. Moreover HMBA has been shown to induce
apoptosis in human myeloma cells, malignant pleural mesothe-
lioma cells and hepatocellular carcinoma cells by down-regulating
Bcl-2 [10-12]. A recent study has suggested that tubulin is the
primary target of HMBA in cancer cells [13]. It was shown that
HMBA inhibited the binding of colchicine to tubulin, prevented
microtubule polymerization in vitro and in K562 (leukemia) cells
and induced G2/M arrest in K562 and Hela cells [13,14]. HMBA
was also found to reduce the microtubule network and to increase
the level of acetylated tubulin in a ciliated protozoa Tetrahymena
pyriformis [15]. Further, sulfonate derivatives of HMBA were also
found to inhibit the proliferation of HeLa, SF 268 and NCI-H460
cells in culture and to depolymerize microtubules in vitro [16].
Several inhibitors of microtubules are being successfully used
in clinics for the treatment of different types of cancers [17,18].
These inhibitors have been found to stall cell proliferation and
induce apoptotic cell death by diverse mechanisms; several of
them have also been shown to suppress the dynamic instability of
microtubules by directly interacting with tubulin [19,20]. Inhibi-
tors of microtubule assembly have generally been found to bind to
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Fig. 1. Structures of HMBA and colchicine are shown.
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tubulin in one of its two well-characterized sites, namely the
vinblastine site or the colchicine binding site. However, the
interaction of HMBA to tubulin, its binding site on tubulin and its
antiproliferative mechanism of action are far from clear. In this
study, we sought to unravel the mode of interaction of HMBA with
tubulin and to determine the mechanism of antiproliferative
action of HMBA using MCF-7 cells, a human breast cancer cell line.

Using both computational and experimental approaches, we
have shown that HMBA binds to tubulin in the colchicine site and
presented a mechanism through which it interacts with tubulin
and inhibits microtubule polymerization. We have also provided
significant insights into the mechanism through which HMBA
activates mitotic checkpoint, inhibits mitosis and induces apopto-
sis in MCF-7 cells.

2. Materials and methods
2.1. Antibodies and compounds

Mouse monoclonal anti-o tubulin IgG, rabbit monoclonal -
tubulin, FITC-labeled anti-rabbit IgG conjugate, bovine serum
albumin (BSA), Hoechst 33258 were purchased from Sigma, MO,
USA. Anti mouse IgG-Alexa 568 antibody and TNP-GTP were
purchased from Molecular Probes, CA, USA. Mouse anti-p53, p21
antibodies and Annexin V-Propidium Iodide (PI) Apoptosis
Detection Kit was purchased from Santa Cruz Biotechnology, CA,
USA. Mouse anti-BubR1 and Mad2 antibodies were obtained from
BD Biosciences, CA, USA. HMBA was purchased from Calbiochem,
NJ, USA. Fetal bovine serum (FBS) was obtained from Biowest,
Nuaille’, France. All other reagents were of analytical grade and
obtained from Sigma, MO, USA and Himedia, Mumbai, India.

2.2. Tubulin isolation

Microtubule proteins were isolated from goat brain by two cycles
of assembly-disassembly process in the presence of 4 M glycerol,
5 mM MgCl,, 1 mM EGTA and 0.5 mM GTP[21]. Pure tubulin (MAPs-
free) was isolated from goat brains by two cycles of polymerization
and depolymerization using 1 M monosodium glutamate buffer for
assembly [22]. The composition of the assembly buffer was 1 M
monosodium glutamate, 10% DMSO and 0.5 mM GTP. Depolymer-
ization buffer contained 50 mM Pipes, pH 6.8, 1 mM EGTA, 3 mM
MgCl, and 0.1 mM GTP. The protein was stored at —80 °C until
further use. The protein concentration was determined by the
method of Bradford using bovine serum albumin as standard [23].

2.3. Determination of the dissociation constant of tubulin and HMBA
interaction

Tubulin (2 wM) in 25 mM Pipes, pH 6.8 was incubated in the
absence and presence of different concentrations of HMBA (0.5-

20 pM) for 30 min at 25 °C. The fluorescence emission spectra
(310-360 nm) were monitored using 295 nm as the excitation
wavelength. To minimize the inner filter effect, a cuvette of 0.3 cm
path length was used. The inner filter effect was corrected using
the formula:

. Aex + A
Feorrected = Fobserved x antilog {%}

where Aex and A.n, are the absorbance at the excitation and
emission wavelengths and Fopserved aNd Feorrected are the observed
and corrected fluorescence intensities, respectively. The dissocia-
tion constant (Ky) was calculated by fitting the fluorescence data in
the following equation:

AFmaxL
AF = Ka+L

where AF and AF,., represent change in the fluorescence
intensity of the tubulin upon binding to HMBA and the
maximum change in the fluorescence intensity of tubulin when
it is fully bound with HMBA and L is the concentration of HMBA.
AF was calculated by subtracting the fluorescence intensity of
tubulin in the absence of HMBA from that in the presence of
different concentrations of HMBA. The AF.x was estimated
using the Graph Pad Prism 5 software (Graph Pad Software, CA,
USA).

2.4. Effect of HMBA on the fluorescence of tubulin-ANS complex

Tubulin (2 wM) in 25 mM Pipes buffer (pH 6.8) containing
1 mM EGTA, 3 mM MgCl, (PEM) was incubated in the absence
and presence of different concentrations of HMBA at 25°C
for 10 min. Then, 20 or 260 wM ANS was added to the
reaction mixtures and incubated for an additional 20 min.
The fluorescence intensity was measured at 470 nm using
380 nm as the excitation wavelength. Experiment was repeated
four times.

2.5. Competition between colchicine and HMBA for binding to tubulin

Tubulin (5 wM) was incubated without or with different
concentrations of HMBA in PEM buffer in dark for 30 min at
25°C. Then, colchicine (10 wM) was added to the reaction
mixtures and incubated at 37 °C for an additional 1 h. Similarly,
respective control solutions containing DMSO, colchicine
(10 wM), HMBA (5, 10 and 25 pM) were incubated under
identical conditions. The fluorescence spectrum of tubulin-
colchicine complex was monitored using 340nm as the
excitation wavelength and the fluorescence intensity was noted
at 430 nm.

2.6. Modified Dixon plot

Different concentrations of HMBA were mixed with tubulin
along with a fixed concentration of colchicine. For one set,
tubulin (5 wM) was mixed with different concentrations (0, 1, 2,
5, 10 and 15 pM) of HMBA and a fixed concentration of
colchicine (5 wM) was added to the reaction mixtures. Similarly,
two more sets were prepared with 15 and 20 wM colchicine. The
mixtures were incubated at 37 °C for 1 h and the fluorescence of
tubulin-colchicine complex was measured using 340 nm and
430 nm as excitation and emission wavelengths, respectively.
The experiment was repeated thrice. 1/F (F=fluorescence
intensity) versus HMBA concentration was plotted and inhibi-
tory constant (K;) was calculated using the modified Dixon plot
[24,25].
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2.7. Docking methodology

2.7.1. Preparation of receptor and the drug molecule

Similar to a previous study [26], we used tubulin-DAMA-
colchicine crystal structure at 3.5 A resolution (PDB CODE: 1SA01)
as the reference structure. The coordinates for the ligands, bound
GTP, GDP, and Mg?* were removed from the crystal structure, all
hydrogen atoms were added and the resultant structure was used
as the receptor. The coordinates of the ligand, DAMA-colchicine,
were retrieved from the crystal structure and the structure of
colchicine was derived from the DAMA-colchicine coordinates by
a minor modification of the side chain. The mol file for the HMBA
structure was obtained from PRODRG server [27]. The structure of
podophyllotoxin was also obtained from PRODRG [28].

2.7.2. Docking program and parameters used

We used LigandFit [29], a docking program within the
Discovery Studio Version 2.1 (Accelrys, CA, USA) to find the
putative binding site of HMBA on tubulin. The program uses a
cavity detection algorithm, which explores the full range of
infolded parts within a receptor as active site [30,31]. The docking
simulation proceeds in two steps. The first step involves defining a
binding site on the receptor. The second step uses a conformation
shape-based docking. Several orientations of ligand are generated
(Monte-Carlo algorithm) which are fitted into the cavities using a
shape matching criteria. Flexible docking was simulated using
Dreiding energy grid, with energy grid dielectric constant value of
1.0 and energy grid non-bonded cutoff distance of 10 A. Thousand
minimization iterations were carried out. The other parameters
were: pose saving RMS threshold for diversity of 1.5, pose saving
score threshold for diversity of 20.0, pose saving maximum
clusters per molecule 5, pose saving RMS threshold for clustering
1.5 and docking RMS threshold for ligand/site match of 2.0 A. In
LigandFit the scoring is performed by employing several scoring
functions which includes LigScore1, LigScore2, -PLP1, -PLP2, -PMF
and DockScore. DockScore was used for scoring the results. It is a
simple molecular mechanics force-field based scoring function
which takes into account the summation of the ligand protein
interaction energy and the internal energy of the ligand. Energy
calculations involve the use of Dreiding force field. A total of 10
docking poses or docked structures were obtained. The pose having
the highest score was used for the analysis of the putative
interactions between the protein and the ligand.

2.8. CD spectroscopy

Tubulin (5 wM) was incubated without or with HMBA (25 M)
in 10 mM phosphate buffer for 30 min at 25 °C. The far-UV CD
spectra (250-195 nm) were recorded using a 0.1 cm path length
cuvette in a spectropolarimeter (Jasco ]J-810, Tokyo, Japan).

2.9. Light scattering

Tubulin (10 wM) in PEM buffer and 1M monosodium
glutamate (pH 6.8) was incubated without or with different
concentrations (1-10 wM) of HMBA for 15 min on ice. Then, 1 mM
GTP was added to the reaction mixtures. The assembly reaction
was initiated by putting the reaction mixture in a cuvette at 37 °C.
The assembly of microtubules was monitored by measuring light
scattering intensity at 400 nm in a spectrofluorometer (Jasco FP-
6500, Tokyo, Japan) at 37 °C. The assembly reached a steady state
after 30 min. Light scattering intensity after 30 min of assembly
was considered as the final level of polymer formed.

Similarly, MAPs-rich tubulin (1.2 mg/mL) was incubated with-
out or with different concentrations of HMBA in 25 mM Pipes at pH
6.8 containing 5 mM MgCl, on ice for 15 min and then 1 mM GTP

was added to this reaction mixture. The assembly kinetics was
monitored as described previously.

2.10. Electron microscopy

Tubulin (10 wM) in PEM buffer was incubated with 1M
monosodium glutamate (pH 6.8) in the absence or presence of
5, 10, 25 wM HMBA on ice for 15 min and then, 1 mM GTP was
added to the reaction mixture. The mixtures were polymerized for
25 min. Polymers were fixed with 0.5% glutaraldehyde and
samples were prepared as described previously [32,33].

2.11. Tubulin GTPase assay

Tubulin (10 wM) in PEM buffer and 1M monosodium
glutamate was incubated in the absence or presence of different
concentrations (5, 10, 25 and 50 M) of HMBA on ice for 30 min.
Then, 1 mM GTP was added to the reaction mixture and incubated
at 37 °C. The amount of inorganic phosphate released after 30 min
of hydrolysis was quantified by malachite green-ammonium
molybdate assay [34,35]. Further, to check the effect of HMBA
on the GTP hydrolysis rate of soluble tubulin under non-
polymerizing condition, tubulin (10 wM) in PEM buffer was
incubated in the absence or presence of different concentrations
(5,10, 25 and 50 wM) of HMBA on ice for 30 min. After incubation
with 1 mM GTP for 30 min at 37 °C, inorganic phosphate release
was estimated as described before [34,35]. Experiment was
repeated three times.

2.12. TNP-GTP binding to tubulin

TNP-GTP has been used to probe GTP binding site in tubulin
[36] and FtsZ [37]. Tubulin (3 wM) was mixed with different
concentrations (0, 10, 25 and 50 wM) of HMBA in PEM buffer. TNP-
GTP (20 wM) was added to each of the reaction mixture and
incubated on ice for 4 h. Tubulin (3 M) was incubated with GTP
(1 mM) for 5 min and then with TNP-GTP (20 M) on ice for 4 h.
All the tubes were kept at 25°C for 5min before taking
fluorescence reading in spectrofluorimeter (Jasco FP-6500, Tokyo,
Japan). Excitation wavelength was 408 nm and emission range was
500-600 nm. Appropriate blank spectra were subtracted from the
experimental spectra. This experiment was done twice.

2.13. Incorporation ratio of TNP-GTP to tubulin

Tubulin (20 wM) was incubated with TNP-GTP (100 uM) in
presence of PEM buffer for 4 h on ice. This reaction mixture was
loaded onto a Bio-Gel P6 resin (Bio-Rad, CA, USA) column in
1 cm x 15 cm glass column. The gel was swelled beforehand and
equilibrated with PEM buffer. Flow rate of the column was kept at
0.5 mL per min and fractions collected were 500 L each. Tubulin
content of each fraction was measured by Bradford method [23]
and TNP-GTP content was calculated by measuring absorbance at
408 nm (€408 nm = 2.3 x 10* M~' cm™~') [36]. The incorporation of
TNP-GTP per tubulin dimer in the absence and presence of HMBA
was calculated by dividing bound TNP-GTP concentration by the
protein concentration.

2.14. Cell culture

MCEF-7 cells were grown in Minimal Essential Media (Himedia,
Mumbai, India) supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% antibiotic-antimycotic solution (Himedia, Mumbai,
India) containing streptomycin, amphotericin B, and penicillin,
and sodium bicarbonate (2.2 g/L) at 37 °C in humidified chamber
(Sanyo, Tokyo, Japan) with 5% CO, as described previously [38].



B.P. Chatterji et al./Biochemical Pharmacology 80 (2010) 50-61 53

2.15. Effects of HMBA on the proliferation of MCF-7 cells

The half maximal proliferation inhibitory concentration (ICsg)
of HMBA in MCF-7 cells was determined by counting the cells
under a microscope as described previously [39]. Briefly, a 20 mM
stock of HMBA was made in DMSO and the final concentration of
DMSO in the culture media was kept less than 0.1% of the total
volume of the media, 0.1% DMSO was used as a vehicle control for
all experiments. MCF-7 cells (1 x 10% cells/well) were seeded in a
polylysine coated 96-well tissue culture plate and grown for 24 h.
MCF-7 cells were incubated with vehicle or different concentra-
tions of HMBA for 48 h. Cells were detached from each well by
trypsinization (0.025% trypsin and 1 mM EDTA in PBS) and live
cells were counted manually by using a hemocytometer after
staining with 0.4% trypan blue. The half maximal inhibition of cell
proliferation (ICsg) was determined by plotting the percentage
inhibition of cell proliferation against HMBA concentration. The
experiment was performed thrice.

Percentage of mitotic cells in a population of MCF-7 cells
treated without or with HMBA was determined by staining the
chromosomes with Hoechst 33258 [40]. Briefly, MCF-7 cells
(0.8 x 10° cells/mL) were grown on glass coverslips in a 24-well
tissue culture plate for 24 h and then, incubated with vehicle or
with different concentrations of HMBA (50,100 and 200 nM) for
another 24 h. The cells were fixed with 3.7% formaldehyde,
permeabilized with methanol at —20 °C and stained with Hoechst
33258 (1 wg/mL). The mitotic and interphase cells were counted
under the Eclipse TE2000-U microscope (Nikon, Tokyo, Japan)
using 40x objective. At least 600 cells were counted for each
concentration of HMBA and the experiment was repeated three
times.

2.16. Cell cycle analysis

MCF-7 cells were grown to confluency in 35 mm tissue culture
dishes and the cells were then treated with vehicle or different
concentrations of (100, 200 and 300 nM) HMBA for 24 h. The
samples for FACS analysis was prepared as described previously
[39]. Briefly, cell pellets were resuspended in 70% ethanol (ice-
cold), centrifuged at 1000 x g for 10 min and washed with PBS
twice. Then, cells were suspended in 1 mL PBS, 50 pg/mL PI was
added to the cell suspension along with RNaseA (200 p.g/mL) and
incubated on ice for 3 h before performing FACS analysis in a BD
FACS Aria instrument (Becton Dickinson, CA, USA). DNA content of
cells was measured by PI staining. Data were fit using Modfit LT
version 3.2 (Verity Software House, ME, USA).

2.17. Immunofluorescence microscopy

Immunofluorescence microscopy for staining microtubules,
centrosomes, p53, p21, BubR1 and Mad2 were performed as
described previously [39,40,41]. Briefly, MCF-7 cells (0.8 x 10°
cells/mL) were seeded on glass coverslips in 24-well plate. After
24 h of seeding, media were replaced with different concentrations
of HMBA and incubated for another 24 h. The cells were fixed with
3.7% formaldehyde for half an hour at 37 °C and washed with PBS
twice. Cells were permeabilized with methanol at —20°C for
15 min and washed with PBS twice. To prevent non-specific
binding of antibodies, coverslips were incubated with 2% BSA-PBS
for 30 min at 37 °C. Then they were stained with primary antibody
(1:300 dilution for a-tubulin, p53, p21 antibody; 1:500 for BubR1
and Mad2 antibody; 1:2000 for y-tubulin antibody) for 2 hat 25 °C.
The cells were washed with 2% BSA-PBS and incubated with
secondary antibody (1:400 dilution for anti mouse Alexa-568
linked antibody in case of tubulin; 1:300 dilution for anti mouse
Alexa-568 linked antibody in case of p53 and p21; 1:500 dilution

for anti mouse Alexa-568 linked antibody in case of BubR1 and
Mad2; 1:800 dilution for anti rabbit FITC linked antibody) for 1 h at
25 °C. Then cells were washed with PBS twice and incubated with
Hoechst 33258 (1 g/mL) for 10 min in dark to stain the DNA. After
washing once with PBS, coverslips were mounted on clean glass
slide with 80% glycerol in PBS containing 8 mg/mL DABCO (1,4-
diazabicyclo [2.2.2] octane). The cover slips were observed under a
Nikon Eclipse TE2000-U microscope using a 40x or 60x objective.
The images were analyzed using Image-Pro Plus software (Media
Cybernetics, MD, USA). The experiment was performed three
times.

2.18. Apoptosis detection assay

2.18.1. Annexin V-PI staining

MCE-7 cells (0.8 x 10° cells/mL) were incubated in 24-well
plate without or with different concentrations (50, 100 and
200 nM) of HMBA for 24 h [32]. We examined whether HMBA
induced apoptosis in MCF-7 cells by visualizing HMBA treated cells
after staining with Annexin V-FITC and PI as described in the
manufacturer’s protocol (Annexin V-PI Apoptosis Detection Kit,
Santa Cruz Biotechnology, CA, USA).

3. Results
3.1. Interaction of HMBA with purified tubulin in vitro

HMBA reduced the intrinsic tryptophan fluorescence of tubulin
in a concentration dependent manner indicating that the binding
of HMBA induces a conformational change in tubulin (Fig. 2A). By
fitting the fluorescence data in a binding isotherm, the dissociation
constant of tubulin~-HMBA interaction was determined to be
4.1+ 0.9 pM at 25 °C (Fig. 2B).

HMBA also reduced the fluorescence of tubulin—-ANS complex in
a concentration dependent manner (Fig. 2C). For example, the
fluorescence intensity of the tubulin-ANS complex was decreased
by ~30% and ~67% in the presence of 2 and 8 uM HMBA,
respectively. HMBA reduced the fluorescence of tubulin-ANS
complex similarly in the presence of 20 and 260 uM ANS
suggesting that HMBA did not inhibit the binding of ANS to
tubulin and that the binding of HMBA to tubulin induced
conformational change in the protein (Fig. 2D). However, HMBA
did not alter the far-UV CD spectra of tubulin indicating that it does
not perturb the secondary structure of tubulin (data not shown).

3.2. HMBA competitively inhibited the binding of colchicine to tubulin

HMBA inhibited the binding of radio-labeled colchicine to
tubulin [13]; however, whether HMBA inhibited the binding of
colchicine to tubulin in a competitive or noncompetitive manner
was not known. We used the fluorescence of tubulin-colchicine
complex to address the question. HMBA inhibited the formation of
tubulin-colchicine complex in a concentration dependent manner
supporting the previous finding that HMBA inhibits the colchicine
binding to tubulin (Fig. 3A). Then, we analyzed the mode of
inhibition of colchicine binding to tubulin by HMBA using the
modified Dixon plot (Fig. 3B). The results suggested that HMBA
inhibited colchicine binding to tubulin competitively and an
inhibitor constant (K;) of 3.6 + 0.9 M was determined from the
plot.

3.3. Computational analysis of the binding of HMBA to tubulin
Several studies used tubulin-DAMA-colchicine crystal struc-

ture for simulating docking of different compounds at the
colchicine binding site [42-45]. We used a commercial docking
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program LigandFit to dock HMBA in tubulin. Docking parameters selected because HMBA competitively inhibits colchicine binding
were initially validated using tubulin-DAMA-colchicine crystal to tubulin (Fig. 4B). DAMA-colchicine was docked at the predicted
structure. The binding site was defined using a cavity-based binding site of tubulin. A partition coefficient of five was used. The
method for detecting all probable binding sites within the receptor docked structure (shown in violet color in Fig. 4A) superimposed
[29]. A total of 38 probable binding sites were elucidated on the on the original crystal structure DAMA-colchicine-tubulin (shown
receptor out of which the DAMA-colchicine binding cavity was in ash color in Fig. 4A). The RMS deviation for backbone
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Fig. 4. Docking of HMBA on tubulin. (A) Docked DAMA-colchicine (violet) superimposed on DAMA-colchicine present in crystal structure (ash). The value of RMS deviation is
0.65 A. (B) Sharing of binding region by colchicine (pink) and HMBA (green) in ball and stick model on tubulin represented in ribbon diagram. Beta chain (B-chain) is green and
alpha chain (A-chain) is orange in color. (C) Receptor residues lying within 4 A distance of docked HMBA (shown in stick model). The surrounding residues have been shown in
different colors: The residues of the alpha chain (A-chain): GLN (A11) red; GLN (A15) violet; THR (A73) yellow; VAL (A74) green; ASN (A101) pink; ALA (A180) saffron; TYR
(A224) blue. Residues of the beta-chain (B-chain): GLN (B247) violet; LEU (B248) orange; ASN (B249) magenta; LYS (B254) brown. The binding was favored by one hydrogen
bond (white line) between the 034 oxygen atom of the aromatic methoxy substituent moiety of HMBA and the HD22 hydrogen atom of ASN (A101).

superimposition was 0.65 A. Since a RMS deviation <2 A indicates
accurate docking [46], it could be inferred that the docking
methodology used was appropriate. The binding sites of colchicine
and podophyllotoxin, a competitive inhibitor of colchicine binding
to tubulin, were also examined using this program. Both colchicine
and podophyllotoxin exhibited high DockScore value of 80 and 75
suggesting that the DAMA-colchicine binding site as their binding
site on tubulin (Table 1). Then, HMBA was docked into the active
site of DAMA-colchicine using the same parameters. HMBA was
found to dock well at the colchicine binding site (Fig. 4B). The
active site residues lying within 4 A distance of docked HMBA are
portrayed in Fig. 4C and listed in Table 2. The 034 oxygen atom of
the aromatic methoxy substituent moiety of HMBA formed a

Table 1

The dock score for different ligands.
Drug Dock score
DAMA-colchicine 84
Colchicine 80
Podophyllotoxin 75
HMBA 62

Table 2

The residues lying within 4 A distance of docked HMBA and colchicine in tubulin.
Drug Residues
Colchicine ASN (A101), SER (A178), THR (A179), ALA (A180), VAL (A181)

VAL (B238), CYS (B241), LEU (B242), LEU (B248), ALA (B250),
LYS (B254), LEU (B255), ASN (B258), MET (B259), THR (B314),
VAL (B315), ALA (B316), VAL (B318), LYS (B352), ALA (B354),
ILE (B378)

HMBA GLN (A11), GLN (A15), THR (A73), VAL (A74), ASN (A101),
ALA (A180), TYR (A224), GLN (B247), LEU (B248),

ASN (B249), LYS (B254)

The common residues are shown in bold. The prefixes A and B to the residue
numbers denote o and 3 chain of tubulin dimer.

hydrogen bond to the HD22 hydrogen atom of the amino acid
residue ASN-101 in the alpha chain (A-chain) of tubulin (Fig. 4C).
The aromatic ring of TYR-224 could provide hydrophobic
stabilization to HMBA. The residues encircling colchicine are given
in Table 2. Both colchicine and HMBA binding site shared some
common residues (shown in bold in Table 2).

3.4. HMBA depolymerized microtubules in vitro and caused
aggregation

HMBA reduced the rate and extent of the light scattering
intensity of the assembly of microtubule proteins suggesting that it
inhibited microtubule assembly; 50% inhibition of the assembly
occurred in the presence of 3.2 WM HMBA (Supplementary Fig. 1).
In addition, HMBA inhibited the assembly of purified tubulin
(MAPs-free) in a concentration dependent manner; 6.4 wM HMBA
inhibited tubulin polymerization by 50% (Supplementary Fig. 1). As
observed under electron microscope, tubulin polymerized with
1 M monosodium glutamate formed a network of microtubules. On
incubation with 5 and 10 wM HMBA microtubules depolymerized
and formed short pieces of protofilaments with fewer aggregates.
At high concentrations of HMBA (>25 M), large aggregates of
tubulin were visible (Fig. 5).

3.5. HMBA increased GTP hydrolysis of tubulin under polymerizing
conditions

Since HMBA inhibited tubulin polymerization, we examined its
effect on the GTP hydrolysis rate of microtubules. Tubulin (10 wM)
was polymerized without or with different concentrations of
HMBA in the presence of 1 M monosodium glutamate and 1 mM
GTP. HMBA increased the GTP hydrolysis rate (Fig. 6A). For
example, 7.9 & 2.9 and 16.9 + 2.6 mole of inorganic phosphate/mole
of tubulin were released in the absence or the presence 50 WM HMBA,
respectively. However, HMBA did not significantly increase the GTP
hydrolysis of soluble tubulin under non-polymerizing condition (in
the absence of monosodium glutamate) suggesting that the increase
in the GTP hydrolysis was not due to the increase of the hydrolysis by
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Fig. 5. Electron microscopic analysis of the assembly of the purified tubulin in vitro. Tubulin (10 wM) was polymerized in the presence of 1 M monosodium glutamate and

1 mM GTP without or with 5, 10, 25 wM HMBA. Scale bar 1 pm.
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Fig. 6. Effects of HMBA on the hydrolysis and binding of GTP to tubulin. (A) Tubulin (10 wM) was incubated without or with (5, 10, 25, 50 M) of HMBA and then, polymerized
in the presence of 1 M monosodium glutamate and 1 mM GTP. The extent of GTP hydrolysis was measured after 30 min of assembly (@). Tubulin (10 wM) was incubated with
1 mM GTP without monosodium glutamate in absence or presence of HMBA (5, 10, 25, 50 M) (M) and GTP hydrolysis was measured. Average of 3 sets of data with SD is
shown. (B) Tubulin (3 wM) was incubated with TNP-GTP (20 wM) in the absence (M) or the presence of 10 wM ([J), 25 M (A ), 50 M (x) HMBA and 1 mM GTP (O) for4 h
on ice. The emission spectra (500-600 nm) of TNP-GTP-tubulin were monitored by exciting at 408 nm.

soluble tubulin in the presence of HMBA (Fig. 6A). The increase in the
hydrolysis could be due to a conformational change in the GTP
binding site or due to the formation of small size polymers.

TNP-GTP, a fluorescent analog of GTP, has been shown to bind
to the exchangeable GTP site in tubulin [36]. GTP (1 mM) reduced
the fluorescence intensity of TNP-GTP-tubulin supporting the
observation that TNP-GTP binds to tubulin in the GTP site.
Incubation of tubulin with HMBA decreased TNP-GTP fluorescence
suggesting that it induced conformational change in tubulin or
inhibited the binding of TNP-GTP to tubulin (Fig. 6B).

To check whether the decrease in TNP-GTP fluorescence upon
HMBA binding was due to a conformational change in the protein
or due to the displacement of TNP-GTP from its binding site in
tubulin by HMBA, the binding stoichiometry of TNP-GTP per
tubulin dimer was determined by size-exclusion chromatography.
The stoichiometry of TNP-GTP per tubulin dimer was calculated to
be 0.50 +0.08 and 0.54 + 0.05 in absence and presence of 50 uM

HMBA, respectively indicating that HMBA did not displace TNP-GTP
from its binding site in tubulin.

3.6. HMBA inhibited proliferation of MCF-7 cells by blocking the cell
cycle progression in mitosis

HMBA inhibited MCF-7 proliferation in a concentration
dependent fashion (Fig. 7A). For example, 10, 30 and 80 nM
HMBA inhibited the proliferation by 7, 28 and 93%, respectively.
The half maximal inhibition of proliferation (ICsg) was determined
to be 47 + 4 nM. HMBA-treatment caused a strong increase in the
mitotic index of MCF-7 cells compared to that of the vehicle-treated
cells. For example, 2.4 &+ 0.8%, 4.5 + 1.7%, 6.6 + 1.1% and 24.4 &+ 3.9%
cells were in mitosis in the absence or the presence of 50, 100 and
200 nM HMBA, respectively.

The effect of HMBA on the cell cycle progression of MCF-7 was
also examined by FACS analysis of the Pl-stained cells (Fig. 7B).
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Fig. 7. HMBA inhibited the proliferation of MCF-7 cells, induced G2/M arrest and apoptosis in MCF-7 cells. MCF-7 cells were treated with different concentrations of HMBA for
24 or 48 h. (A) The effect of HMBA on cell proliferation was determined by counting cells as described in the experimental procedures. (B) Effects of HMBA on the cell cycle
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the article.)

With HMBA treatment, greater numbers of cells were found to be 3.7. HMBA induced apoptotic cell death
accumulated in the G2/M phase. For example, 23% of the control

cells (vehicle-treated cells) were found to be in the G2/M phase HMBA induced apoptosis in MCF-7 cells as ascertained by
while 57 and 83% of the cells were found to be in the G2/M phase in Annexin V/PI staining (Fig. 7C). In the presence of 50 and 100 nM
the presence of 200 and 300 nM HMBA, respectively (Table 3). HMBA, MCF-7 cells were found to be in early apoptosis phase

i :
Control

Fig. 8. HMBA treatment enhanced translocation of p53 and p21 into the nucleus. MCF-7 cells were treated without or with different concentrations of HMBA for 48 h. The
nuclear localization of p53 and p21 was analyzed using antibody staining. (A) p53 (red), (B) p21 (red) and nucleus (blue) were stained as discussed in the materials and
methods. Scale bar 10 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 9. HMBA perturbed microtubules and chromosome organizations. Effects of HMBA on the microtubules of interphase (A) and mitotic (B) MCF-7 cells are shown.
Microtubules (red) and nucleus (blue) were stained as described in the materials and methods. Scale bar 10 wm. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)

(green membrane but unstained nucleus) after 24 h; however,
200 nM HMBA induced cells into late apoptosis phase (Fig. 7C).
HMBA treatment strongly increased the nuclear accumulation of
p53 and p21 (Fig. 8A and B).

3.8. HMBA treatment depolymerized cellular microtubules and
induced multipolarity in MCF-7 cells

HMBA-treatment caused depolymerization of microtubule
network in MCF-7 cells (Fig. 9A and B). In the presence of 50
and 100 nM HMBA, the interphase microtubule network was not
visibly altered while 200 nM HMBA strongly depolymerized the
interphase microtubule network. Microtubule network was found

Table 3
Analysis of phases of cell cycle in MCF-7 cells after HMBA treatment.

Phase Control (%) 100nM (%) 200nM (%) 300nM (%)
G1 38 35 14 3
G2/M 23 18 57 83
S 39 47 29 14

to be thin and sparse in cell periphery when cells were treated with
200 nM HMBA (Fig. 9A).

In contrast to its modest effects on the interphase micro-
tubules, low concentration (50 nM) of HMBA produced a strong
effect on the spindle microtubules. In control MCF-7 cells,
spindles were bipolar and chromosomes were condensed and
arranged on the metaphase plates. HMBA exposure introduced
aberrations in the spindles; for example, chromosomes were not
organized on the metaphase plates (Fig. 9B). Further, it caused
multipolar spindle formation. For example, 42.3 +1.4% and
70 + 0.3% of the mitotic cells were found to be multipolar in the
presence of 100 and 200 nM HMBA respectively. A significant
fraction of the HMBA-treated cells was found to have multipolar
spindles by gamma tubulin staining (Fig. 10). Chromosomes in
multipolar cells looked like circular blob. They were not properly
condensed and aligned as in control cells. The average distance
between two poles in bipolar spindles of HMBA-treated cells were
found to decrease as compared to the vehicle-treated control cells
(Fig. 10). For example, in control cells, 9.3 + 2.2 wm was the average
distance between the poles and it decreased to 4.3 + 1.6 wm upon
200 nM HMBA treatment (Fig. 10).
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100 nM

Fig. 10. Effect of HMBA on the organization of centrosomes. y-tubulin (green) staining shows the location of centrosome (spindle pole) in mitotic MCF-7 cells. Nucleus (blue)
was stained with Hoechst 33258 dye. Pole distances were calculated by Image Pro Plus software. Scale bar 10 wm. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)
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Fig. 11. HMBA treatment activated BubR1 (A) and Mad2 (B) in MCF-7 cells. BubR1 (red) and Mad2 (red) show localization over aberrantly organized chromosomes (blue).
Scale bar 10 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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3.9. HMBA activated spindle assembly checkpoint

As expected mitotic checkpoint proteins, BubR1 and Mad2,
were not seen in the vehicle treated control mitotic cells (Fig. 11).
These proteins were observed in the MCF-7 cells treated with 50,
100 and 200 nM of HMBA. In the HMBA-treated mitotic cells,
chromosomes were not properly condensed and found to be
misaligned. BubR1 and Mad2 were found to be colocalized over
these uncondensed chromosomes indicating the activation of the
checkpoint proteins in HMBA-treated cells (Fig. 11).

4. Discussion

HMBA depolymerized microtubules in MCF-7 cells, damaged
the mitotic spindles, reduced pole-to-pole distance in bipolar
spindles, activated mitotic checkpoint proteins, stalled the cells at
mitosis and induced multipolarity in MCF-7 cells. Shortened
bipolar spindle and misaligned chromosomes in HMBA-treated
cells imply a loose microtubule-kinetochore attachment in these
cells. Further, HMBA was found to bind to tubulin with a
dissociation constant of 4.1 +£ 0.9 uM indicating that it binds to
tubulin strongly when compared with several known microtubule
depolymerizing agents such as noscapine, vinblastine, estramustine
and griseofulvin. Noscapine [47], vinblastine [48], estramustine [49],
and griseofulvin [50], are having low affinity towards tubulin with K4
of 144, 43, 30 and 300 wM, respectively. However, HMBA binds to
tubulin weakly as compared to colchicine [51].

HMBA reduced the development of colchicine-tubulin fluor-
escence indicating that it may bind to the colchicine binding site in
tubulin. Further, an analysis of the modified Dixon plot suggested
that HMBA competitively inhibits colchicine binding to tubulin
with a K; value of 3.6 + 0.9 wM. Although HMBA has no structural
resemblance to colchicine, it docked preferentially at the same site.
Both drugs shared four common residues ASN (A101), ALA (A180),
LEU (B248), and LYS (B254) at the binding region. However, HMBA
binding was favored by hydrogen bonding whereas colchicine
showed no such hydrogen bond formation. Moreover, HMBA was
encircled by aromatic as well as aliphatic non-polar and polar
residues, whereas only several aliphatic non-polar and polar residues
surrounded colchicine. The hydrophobic anthracenone moiety of
HMBA may prefer a more hydrophobic environment relative to
colchicine, which lacks such a hydrophobic moiety. Though HMBA
docked at the colchicine site in tubulin, the mode of interaction with
surrounding residues was not similar to that of colchicine. For
example, HMBA does not change the secondary structure of tubulin
whereas colchicine is known to perturb the secondary structure of
tubulin [52].

HMBA reduced the tryptophan fluorescence of tubulin indicat-
ing that it induced conformational change in tubulin. HMBA
competitively inhibited the binding of colchicine to tubulin and the
docking analysis also suggested that it binds to colchicine site in
tubulin. ANS and colchicine are known to have distinct binding
sites in tubulin [53]; therefore, HMBA binds to tubulin at a site,
which is different from the ANS site. HMBA reduced the tubulin-
ANS fluorescence indicating that either it inhibited the binding of
ANS to tubulin or induced conformational change in tubulin. The
changes in fluorescence intensity of tubulin-ANS complex
incubated with two different concentrations (20 or 260 wM) of
ANS were found to be similar in the presence of different
concentrations of HMBA (Fig. 2D). The result indicated that the
reduction in the fluorescence intensity of tubulin-ANS complex in
the presence of HMBA was due to a conformational change in
tubulin rather than the inhibition of ANS binding to tubulin.

HMBA increased the GTP hydrolysis of microtubule assembly in
the presence of 1M monosodium glutamate. However, unlike
colchicine it did not increase the GTPase activity of the soluble

tubulin. We reasoned that the stimulation of the GTPase activity of
tubulin by HMBA in polymerizing conditions could be due to the
HMBA-induced conformational change in the GTP binding site of
tubulin. In support of this idea, HMBA was found to decrease the
fluorescence of tubulin—-TNP-GTP complex. HMBA did not reduce
the binding of TNP-GTP to tubulin as the incorporation stoichio-
metry of TNP-GTP per tubulin dimer remained constant in the
presence or absence of HMBA. HMBA may increase the GTP
hydrolysis rate of microtubules by inducing conformational
change in tubulin, which in turn causes depolymerization of
microtubules.

We found an increase in the GTP hydrolysis rate despite the
depolymerization of microtubules with increasing concentrations
of HMBA. This could be due to the formation of multiple oligomers
of tubulin or short polymers of tubulin. Electron microscopic
analysis suggested the formation of short polymers with 5 uM
HMBA concentration. With 10 wuM HMBA concentration, there
were short polymers as well as aggregates whereas with 25 wM
HMBA, large size aggregates were seen. Dynamic light scattering
measurements also suggested that HMBA induces aggregation of
tubulin dimers in the presence of 1 M monosodium glutamate
(data not shown).

HMBA inhibited MCF-7 proliferation with an ICsg of 47 - 4 nM.
HMBA, at its half-maximal proliferation inhibitory concentration
range, did not cause a marked depolymerization of microtubules as
evident from a-tubulin staining. HMBA-treatment activated p53 and
its downstream protein p21 and caused their nuclear accumulation
and induced apoptosis. It can be suggested that similar to several
other tubulin targeting agents such as vinblastine, colchicine [54],
benomyl [40] and estramustine [39], HMBA also suppresses
microtubule dynamics and that the stabilization of microtubule
dynamics by HMBA may initiate p53 translocation to the nucleus.
HMBA also activated spindle assembly checkpoint proteins BubR1
and Mad2, which signify improper kinetochore-microtubule attach-
ment due to the perturbation of microtubule assembly dynamics.
Reduced spindle pole distance as observed by y-tubulin staining in
HMBA treated cells suggests loose kinetochore-microtubule attach-
ment. Noscapine and Benomyl disturb kinetochore-microtubule
attachment and activate mitotic checkpoints by attenuating dynamic
microtubules [55,41].

In summary, HMBA was found to increase the GTP hydrolysis
rate and to depolymerize microtubules by interacting with tubulin
at the colchicine site. It activated mitotic checkpoint in MCF-7 cells,
inhibited mitosis in these cells and induced p53-mediated
apoptotic cell death.
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