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ABSTRACT: Thalidomides were initially thought to be
broad-range drugs specifically for curing insomnia and
relieving morning sickness in pregnant women. However, its
use was discontinued because of a major drawback of causing
teratogenicity. In this study, we found that a thalidomide
derivative, S-hydroxy-2-(2,6-diisopropylphenyl)-1H-isoindole-
1,3-dione (SHPP-33), inhibited the proliferation of MCF-7
with a half-maximal inhibitory concentration of 4.5 + 0.4 yM.
SHPP-33 depolymerized microtubules and inhibited the
reassembly of cold-depolymerized microtubules in MCE-7
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cells. Using time-lapse imaging, the effect of SHPP-33 on the dynamics of individual microtubules in live MCF-7 cells was
analyzed. SHPP-33 (S uM) decreased the rates of growth and shortening excursions by 34 and 33%, respectively, and increased
the time microtubules spent in the pause state by 92% as compared to that of the vehicle-treated MCF-7 cells. SHPP-33 (S uM)
reduced the dynamicity of microtubules by 62% compared to the control. SHPP-33 treatment reduced the distance between the
two poles of a bipolar spindle, induced multipolarity in some of the treated cells, and blocked cells at mitosis. In vitro, SHPP-33
bound to tubulin with a weak affinity. Vinblastine inhibited the binding of SHPP-33 to tubulin, and SHPP-33 inhibited the
binding of BODIPY FL-vinblastine to tubulin. Further, a molecular docking analysis suggested that SHPP-33 shares its binding
site on tubulin with vinblastine. The results provided significant insight into the antimitotic mechanism of action of SHPP-33 and
also suggest a possible mechanism for the teratogenicity of thalidomides.

halidomide was discovered in 1950s as a broad-range

drug.' It was initially used to cure insomnia and was also
found to be helpful in relieving morning sickness in pregnant
women. The drug was withdrawn from the market because of
its teratogenic effects.” However, the drug has been approved
by the Food and Drug Administration for the treatment of
Hansen’s disease and multiple myeloma." Thalidomide may
have potential uses in the treatment of several other diseases.’
Thalidomide was also in clinical trials in hormone-dependent
prostate cancer (ClinicalTrials.gov Identifier NCT00004635),
HIV ulcers and viremia (ClinicalTrials.gov Identifiers
NCTO00000790 and NCTO00001524), HIV-related Kaposi’s
sarcoma (ClinicalTrials.gov Identifier NCT00019123), Sjog-
ren’s syndrome (ClinicalTrials.gov Identifier NCT00001599),
and host-versus-graft disease (ClinicalTrials.gov Identifiers
NCT00003894 and NCTO00075023). Thalidomide and its
derivatives act as a template for the development of several
biologically active compounds.’ Several thalidomide analogues
have been developed over the years, which are categorized
according to their biological effects,' for example, TNF-a
production regulators,* thymidine phosphorylase inhibitors,®
cyclooxygenase inhibitors,® histone deacetylase inhibitors,” anti-
angiogenic agents,8 cell differentiation inducers,” and tubulin
inhibitors.'""
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Thalidomide is a metabolically unstable compound.'” The
side effects of thalidomide immensely depend on its
metabolism,'>"® and therefore, thalidomide metabolism was
studied in different organisms.'* The identification of active
metabolites of thalidomide not only will enhance the drug
activity by the selective usage of those metabolites for different
diseases but also might reduce the side effects caused by an
overload of accessory metabolites. The metabolism of
thalidomide produces two inhibitors of tubulin polymerization,
namely, S-hydroxythalidomide and N-hydroxythalidomide."

Several proposals were invoked to explain the causative
reasons for the thalidomide-induced teratogenicity."”> The
intercalation of thalidomide with the G-C box promoter of
some important genes such as Fgf2 and insulin-like growth
factor-1 (Igfl), which are vital for limb growth, can be the cause
for the thalidomide-induced teratogenicity.'® Thalidomide
generates reactive oxygen species, which can oxidize and
mutate DNA, and thereby may cause teratogenicity.'” Recently,
it has been proposed that the direct binding of thalidomide to
CRBN inhibits its E3 ubiquitin ligase activity, leading to the
accumulation of its substrates, which produces developmental
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Figure 1. SHPP-33 inhibited the proliferation of MCE-7 cells and perturbed the assembly of microtubules in these cells. (A) Chemical structures of
thalidomide and SHPP-33 are shown. (B) SHPP-33 inhibited the proliferation of MCF-7 cells in culture. (C) A brief exposure of SHPP-33
depolymerized microtubules in MCF-7 cells. Cells were incubated with 30 M SHPP-33 for 3.5 h. Nocodazole (600 nM) was used as a positive
control for depolymerization. (D) SHPP-33 (20 uM) prevented the reassembly of microtubules in MCE-7 cells after cold-induced depolymerization.
(E) SHPP-33 (10 M) inhibited the reassembly of cold-depolymerized spindle microtubules. The scale bar is 10 ym.

defects such as limb deformities.” D’Amato and co-workers
found a positive correlation between the anti-angiogenic activity
of thalidomides and its teratogenic effects and proposed that
the anti-angiogenic activity of thalidomides as the cause for its
teratogenic effect.'®

Inhibitors of microtubule dynamics are found to have potent
anti-angiogenic activity,'"”*° and the assembly dynamics of
microtubules play an essential role in cell division.”>*' On the
basis of the structure of a tubulin targeting metabolite of
thalidomide (S-hydroxythalidomide), S-hydroxy-2-(2,6-diiso-
propylphenyl)-1H-isoindole-1,3-dione (SHPP-33) was devel-
oped (Figure 1A)."** SHPP-33 showed cytotoxicity in several
cancer cell lines." In the in vitro system, SHPP-33 was reported
to be an inhibitor of tubulin polymerization and also
depolymerized microtubules in cultured cells.”> In addition,
SHPP-33 and a trifluorinated analogue of SHPP-33 (SHFPP-
33) did not influence either cold or CaCl,-induced
depolymerization of microtubules but prevented re-formation
of microtubules after cold-induced depolymerization.”>*® It
caused G2/M block** of cell czrcle progression followed by
caspase-3-dependent apoptosis.””** However, another study
suggested that SHPP-33 showed paclitaxel-like polymerization
enhancing effects on microtubules.”® Therefore, the effects of
SHPP-33 on microtubules are not clear. Interestingly, SHPP-33
did not show any competition with radiolabeled colchicine or
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vinblastine for tubulin binding, indicating that it may bind to
tubulin at a site that is different from these sites.”®

In this study, SHPP-33 was found to depolymerize
microtubules in MCEF-7 cells and to inhibit the assembly of
both MAP-rich tubulin and purified tubulin in vitro. Further, the
compound suppressed the dynamic instability of microtubules
in live MCF-7 cells. SHPP-33 bound to tubulin with a weak
affinity. Both experimental and theoretical data obtained in this
study suggested that SHPP-33 shares its binding site on tubulin
with vinblastine. Inhibitors of microtubule dynamics have been
found to retard cell migration.”® Thalidomide was found to
inhibit cell migration and slow wound healing in cultured
cells.”” An impairment of cell migration can produce severe
complications during the developmental stages of an embryo.”®
Thus, the data indicated that thalidomide-mediated teratoge-
nicity can be partially due to the alteration of microtubule
dynamics.

B EXPERIMENTAL PROCEDURES

Hoechst 33258 and the rabbit anti-phosphohistone 3 (PH3)
antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Monoclonal mouse anti-a-tubulin IgG,
mouse antiacetylated tubulin IgG, rabbit polyclonal anti-y-
tubulin, FITC-labeled anti-rabbit IgG conjugate, and bovine
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serum albumin (BSA) were purchased from Sigma. Anti-mouse
IgG-Alexa 568 was purchased from Molecular Probes. Other
chemicals were purchased from Sigma (St. Louis, MO) and
Himedia (Mumbai, India).

Cell Culture. MCF-7 and MDA-MB-231 cells were
procured from the National Centre for Cell Science (Pune,
India). MCF-7 cells were grown in MEM (Eagle’s minimal
essential medium) (Himedia). MEM contains 10% fetal bovine
serum, 2.2 g/L sodium bicarbonate, and a 1% antibiotic/
antimycotic solution composed of streptomycin, amphotericin
B, and penicillin. Cells were grown at 37 °C in a humidified
atmosphere of 5% carbon dioxide. Cells were maintained in a
25 mL cell culture flask (Nunc) at 37 °C in an incubator.

Cell Proliferation Assay. MCE-7 cells (1 X 10° cells/mL)
were seeded in a polylysine-coated 96-well plate for 24 h. Cells
were incubated with either vehicle (control) or different
concentrations of SHPP-33 for 48 h. The effect of SHPP-33 on
MCE-7 cell proliferation was determined by a Sulforhodamine
B (SRB) assay.”” The experiment was performed three times.

Microtubule Organization and Network in an MCF-7
Cell Line. MCF-7 (0.5 X 10° cells/mL) cells were seeded on a
polylysine-coated glass coverslips in 24-well plates for 24 h and
then incubated with either vehicle (control) or S and 10 uM
SHPP-33 for 24 h. Subsequently, cells were spun at 2500 rpm
and 25 °C for 10 min in a 24-well plate to collect the loosely
bound mitotic cells, fixed with 3.7% formaldehyde, and
immunostained using an antibody against a-tubulin, acetylated
tubulin (primary, 1:300; secondary, 1:300). The experiment
was performed three times. For acetylated microtubule staining,
cells were treated with 2 and 4 yuM SHPP-33 and stained. DNA
was stained with Hoechst.*® y-Tubulin staining was performed
using an antibody against y-tubulin (primary, 1:2000;
secondary, 1:800). Phosphohistone H3 staining®® was
performed using an antibody against phosphohistone (primary,
1:300; secondary, 1:300).

Effects of 5HPP-33 on the Reassembly of Cold-
Depolymerized Microtubules in MCF-7 Cells. MCF-7
cells were grown for 24 h on glass coverslips in 24-well plates.
Then, the medium was replaced with fresh medium and SHPP-
33 at a concentration of 20 uM. The plates were kept on ice for
4S5 min to depolymerize the microtubule network. Then, the
cells were incubated at 37 °C for different time intervals (0, 20,
and 30 min) in an incubator and fixed using 3.7% formaldehyde
in PBS at 37 °C.*® In a separate experiment, MCE-7 cells were
blocked in mitosis by nocodazole (300 nM) treatment to enrich
mitotic cell population. The MCF-7 cells were extensively
washed to remove nocodazole, and then the cells were
incubated on ice with fresh medium for 30 min. The reassembly
of the mitotic spindle was observed at different time intervals in
the presence and absence of 10 yM SHPP-33 at 37 °C.
Microtubules were stained as described previously.® The
experiment was performed three times.

Measurements of Microtubule Dynamics in MCF-7
Cells. Transfection of the EGFP-a-tubulin plasmid in MCE-7
cells was done using lipofectamine-2000 following the
manufacturer’s protocol as described previously.>* The trans-
tected cells were seeded on the coverslips for 24 h and then
treated with SHPP-33 for 3 h. The dynamics of microtubules
were monitored by time-lapse imaging of live MCF-7 cells
expressing EGFP-tubulin using confocal microscopy. The cells
were observed in the controlled temperature regulation under a
60X oil immersion objective by using a laser scanning confocal
microscope (FluoView 500 Olympus, Tokyo, Japan). Fifty

2151

images of each cell were taken at 4 s interval, and the plus ends
of microtubules were tracked using Image]. The dynamic
instability parameters of microtubules were determined as
described previously.”**'~** The individual microtubule length
over time was plotted to obtain the life history track of
microtubules. The convention followed to assign growth and
shortening was an increase or decrease in length of >0.5 ym as
a growth or a shortening phase, while a change of <0.5 ym in
length was considered a pause state. The switching of a
microtubule from either a growth or a pause state to a
shortening state is called as catastrophe, while a transition from
a shortening state to a pause or a growth state is called as
rescue.”* The catastrophic events were divided by the total time
a microtubule spends in the growth or pause state to obtain the
time-based catastrophic frequency. The rescue events were
divided by the total time a microtubule spends in the
shortening state to obtain the time-based rescue frequency,
while the rescue events when divided by the total shortening
length give the length-based rescue frequency. The dynamicity
of individual microtubules was calculated by dividing the total
length (growth and shortening length) by the life span of
microtubules. The microtubules that were visible in all the
frames were selected; 25 such microtubules for each sample
were chosen, and different parameters of microtubule dynamics
were calculated. The statistical significance was determined by
one-way analysis of variance (ANOVA) using Origin7.5.

Tubulin Isolation. Tubulin was isolated from goat brain by
two cycles of an assembly—disassembly process in the presence
of 1 M glutamate and 10% (v/v) DMSO.>***® Binding
experiments were performed using tubulin isolated by this
method. The protein concentration was estimated by the
Bradford method using bovine serum albumin as a standard.*”
The protein was stored at —80 °C for further use. MAP-rich
tubulin was isolated by two cycles of assembly and disassembly
in the presence of 4 M glycerol.*® Tubulin was purified by
passing MAP-rich tubulin through a phosphocellulose column.

Effects of 5SHPP-33 on the Assembly Kinetics of MAP-
Rich Tubulin and Phosphocellulose-Purified Tubulin in
Vitro. MAP-rich tubulin (1 mg/mL) in 25 mM Pipes (pH 6.8)
containing 3 mM MgCl, and 1 mM EGTA was incubated
without or with 2.5, 5, 10, and 20 uM SHPP-33 for 30 min on
ice. Then, 1 mM GTP was mixed with the reaction mixtures,
and the assembly was monitored by measuring the optical
density at 350 nm using a plate reader at 37 °C (SpectraMax
M2 Molecular Devices).

In addition, tubulin (13 #M) was incubated without or with
different concentrations (5—30 M) of SHPP-33 in 25 mM
Pipes (pH 6.8), 3 mM MgCl, 1 M glutamate, and 1 mM
EGTA for 30 min at 4 °C. Then, ] mM GTP was added to the
reaction mixture, and the assembly kinetics of tubulin was
followed using a plate reader at 37 °C. In a separate experiment,
tubulin (13 M) was incubated without or with different
concentrations (10—30 yM) of SHPP-33 in 25 mM Pipes
buffer (pH 6.8) containing 3 mM MgCl,, 1 mM EGTA, and 8%
DMSO for 30 min at 4 °C. Then, 1 mM GTP was added to the
reaction mixtures, and the assembly kinetics was monitored at
350 nm for 30 min at 37 °C.

Electron Microscopy. MAP-rich tubulin (1 mg/mL)
polymerized in the presence and absence of different
concentrations of SHPP-33. Pure tubulin (10 yM) was
polymerized in the presence of 1 M glutamate. Samples were
fixed with 1% glutaryaldehyde and diluted 5-fold in PEM buffer.
Electron microscope grids were immersed in sample drops, air-
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dried, and fixed with 2% uranyl acetate. The samples were
observed under a transmission electron microscope (FEI
Tecnai-G*12, Philips).

Measurement of the Dissociation Constant (K,) Using
Tryptophan Fluorescence of Tubulin and the 5HPP-33—
Tubulin Complex. Tubulin (2 yM) in 25 mM Pipes buffer
(pH 6.8) was incubated without or with different concen-
trations of SHPP-33 at 25 °C for 20 min. After incubation for
20 min, tryptophan fluorescence was monitored using a 0.3 cm
path length cuvette by exciting the reaction mixtures at 295 nm.
The emission spectra (310—370 nm) were recorded. The
fluorescence intensities were corrected for the inner filter
effect.>"*” The fluorescence changes were fit to the equation
AF = AF,L/Ky + L, where AF and AF,,, represent the
changes in fluorescence intensity of tubulin upon binding to
SHPP-33 and the maximal change in fluorescence intensity of
tubulin when it is fully bound with SHPP-33, respectively, and
L is the concentration of SHPP-33. AF,, was estimated using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA).

The fluorescence intensity of SHPP-33 increased upon
binding to tubulin. Tubulin (3 #M) was incubated without or
with different concentrations (5—100 uM) of SHPP-33 for 10
min at 25 °C. The fluorescence spectra (420—600 nm) were
recorded using 350 nm as an excitation wavelength. The
fluorescence spectrum of only SHPP-33 was subtracted from
the fluorescence spectra of SHPP-33 in the presence of tubulin.
The fluorescence intensity of SHPP-33 was corrected for the
inner filter effect as described previously.*" The increase in the
fluorescence intensity of SHPP-33 upon binding to tubulin was
used to determine the binding constant as described above.

Investigation of the 5HPP-33 Binding Site on Tubulin.
Tubulin (3 pM) was incubated without or with different
concentrations (20, 30, SO, and 60 uM) of vinblastine in pipes
buffer (pH 6.8) for 30 min at 25 °C. SHPP-33 (10 yM) was
added to the reaction mixtures and incubated for an additional
10 min. The SHPP-33—tubulin complex fluorescence was
measured with excitation at 350 nm, and emission at 400—600
nm was monitored.

In a separate experiment, tubulin (2 #M) in 25 mM pipes
buffer (pH 6.8) was incubated without or with different (10—50
uM) concentrations of SHPP-33 for 30 min at 25 °C. BODIPY
FL-vinblastine (2 M) was added to the reaction mixtures, and
samples were further incubated at 25 °C for an additional 20
min in the dark. Excitation of the tubulin—BODIPY FL-
vinblastine complex was conducted at 490 nm, and the
emission spectra were recorded in the range of 500—550 nm.
Spectra were subtracted from only BODIPY FL-vinblastine.

In another experiment, tubulin (3 xM) was incubated
without or with different concentrations of podophyllotoxin in
pipes buffer (pH 6.8) for 30 min at 25 °C and then incubated
with SHPP-33 (10 uM) for an additional 20 min. The emission
spectra (420—570 nm) were recorded using 350 nm as the
excitation wavelength.

Identification of a Putative Binding Site of 5SHPP-33
on Tubulin by Molecular Docking. The putative bindin,
site of SHPP-33 on tubulin was identified by Autodock 4.2.*
The three-dimensional atomic coordinates of SHPP-33 were
generated using the PRODRG server.*' Vinblastine and tubulin
dimer, used for control docking, were acquired from Protein
Data Bank entry 1Z2B.** Only those tubulin chains that
interact with vinblastine, i.e., chain B () and chain C (a), were
used as a template for all molecular docking studies. Initially,
blind docking* was performed for both SHPP-33 and
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vinblastine with tubulin dimer, by preparing grid boxes of
126 grid points in each of the X, Y, and Z directions, with 0.7 A
spacing. While enough space was provided for the movement of
ligands, the tubulin dimer was treated as rigid in all the docking
studies. Essential H atoms were also added to this tubulin
dimer using UCSF Chimera.** All ligands and chains A, D, and
E of PDB entry 1Z2B were removed from the crystal structure
preceding docking. Both ligands, vinblastine and SHPP-33,
were tested by placing them at different random locations in
the chosen grid box for each blind docking job performed.
Blind docking involved 100 Lamarckian Genetic Algorithm
(LGA) runs with 10 repetitions of ligand docking that resulted
in 1000 output conformations for each case.*” These results
helped us to conclude that both SHPP-33 and vinblastine are
most likely to dock at the interface between f- and a-tubulin
monomers.

Thus, only the f—a interface was considered for local
docking of SHPP-33 and vinblastine with tubulin dimer, with
grid boxes of 126 grid points in each of the X, Y, and Z
directions, with 0.35 A spacing. All parameters in LGA were
used as default, but g eval was set to medium. Docking
performed for vinblastine (control) and SHPP-33 involved 100
LGA runs with 50 repetitions of flexible ligand docking, which
yielded 5000 output conformations for each case.* These
conformations were reclustered using a 4 A all-atom root-mean-
square deviation (rmsd) cutoff. The binding energies of all
poses were calculated using the scoring functions employed by
AutoDock 4.2.*° In addition, comparison and analysis were
performed for all clusters containing at least 20 conformations.
These clusters were then compared on the basis of cluster size
(number of conformations) and binding energy to determine
the potent binding modes for both the ligands. UCSF Chimera
was used to perform further analysis.**

B RESULTS

5HPP-33 Depolymerized Microtubules and Inhibited
Microtubule Assembly in MCF-7 Cells. SHPP-33 (Figure
1A) inhibited the proliferation of MCF-7 cells in a
concentration-dependent manner with a half-maximal inhib-
itory concentration of 4.5 + 0.4 uM (Figure 1B). To ascertain
the effects of SHPP-33 on cellular microtubules, MCF-7 cells
were incubated with 30 ygM SHPP-33 for 3.5 h. Similar to the
effect of 600 nM nocodazole, a short exposure of SHPP-33 (30
uM) caused extensive depolymerization of microtubules in
MCE-7 cells (Figure 1C). To further explore the effects of
SHPP-33 on microtubule growth, a microtubule reassembly
experiment after cold-induced depolymerization was per-
formed. Microtubules in vehicle-treated cells grew rapidly and
established a proper microtubule network within 30 min, while
SHPP-33 treatment prevented microtubule formation, suggest-
ing that the assembly of microtubules in 20 yM SHPP-33-
treated cells was much slower than that in the vehicle-treated
cells (Figure 1D). Further, the treatment with SHPP-33 also
hampered the rebuilding of mitotic spindles, indicating that
SHPP-33 inhibited growth of spindle microtubules (Figure 1E).

5HPP-33 Treatment Depolymerized Microtubules,
Caused Multipolar Spindle Formation, and Decreased
the Interpolar Distance in the Bipolar Spindles. The
effect of SHPP-33 (5 and 10 uM) on microtubules was
examined after treatment for 24 h. Similar to the effects of
several microtubule inhibitors,>***"*> SHPP-33 treatment was
found to depolymerize both interphase and spindle micro-
tubules in MCF-7 cells (Figure 2A,B). SHPP-33 treatment
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Figure 2. SHPP-33 depolymerized the microtubule network in MCF-7 cells and caused multipolar spindle formation. (A and B) MCF-7 cells were
incubated without or with S and 10 uM SHPP-33 for 24 h. SHPP-33 depolymerized both interphase (A) and spindle (B) microtubules. The mitotic
spindles showed multipolarity in the presence of SHPP-33 (B). (C) SHPP-33 treatment reduced the distance between two poles of a bipolar spindle
as shown by y-tubulin staining (n = 20 under each condition). Scale bars are 10 ym.
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Figure 3. SHPP-33 suppressed microtubule dynamics in live MCF-7 cells measured by time-lapse imaging. Life history traces depicting microtubule
length change with time in vehicle-treated control MCF-7 cells and in the presence of 5 and 10 M SHPP-33 are shown. The initial length was
chosen arbitrarily, and the change in length was demarked at each time point by tracking the plus end of the microtubules.

caused spindle abnormality in MCF-7 cells (Figure 2B). The
alignment of chromosomes at the metaphase plate was
compromised, and several lagging chromosomes were observed
in the SHPP-33-treated cells (Figure 2B). The compound also
induced multipolar and monopolar mitotic spindle formation
(Figure 2B). Further, the average distance between the two
spindle poles was found to be 10.3 +1,5.3 + 1.3, and 4.8 + 1.5
pum in the absence and presence of 5 and 10 uM SHPP-33,
respectively, suggesting that SHPP-33 decreased the distance
between the two poles of a bipolar spindle (Figure 2C). SHPP-
33 (10 and 20 uM) was also found to depolymerize
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microtubules in highly metastatic breast cancer cells (MDA-
MB231) (Figure S1 of the Supporting Information).

In addition, SHPP-33 treatment produced an increase in the
level of acetylation of microtubules as compared to that of the
vehicle-treated MCF-7 cells, indicating that the compound
might suppress microtubule dynamics (Figure S2A of the
Supporting Information). Histone H3 is a marker of mitotic
cells as metaphase chromosomes are phosphorylated at the
hydroxyl group of serine 10 during cell cycle progression.*
SHPP-33 treatment increased the number of phosphohistone
positive cells (Figure S2B of the Supporting Information). For
example, 3 + 1, 22 + 4, and 36 + 7% of cells showed
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phosphohistone positive staining in the absence and presence
of § and 10 M SHPP-33, respectively, suggesting that SHPP-
33 blocked cell cycle progression at mitosis (Figure S2B of the
Supporting Information). Phosphohistone positive cells further
showed spatial disorganization of chromosomes in the treated
cells as compared to the control cells.

5HPP-33 Treatment Caused Multinucleation in MCF-7
Cells. MCF-7 cells were incubated with either the vehicle or
SHPP-33 for 48 h. In vehicle-treated MCE-7 cells, only 2 + 1%
of cells were multinucleated while 50 + 7 and 62 + 9% of cells
were multinucleated in the presence of 10 and 20 M SHPP-
33, respectively (Figure S2C of the Supporting Information).

5HPP-33 Suppressed the Dynamic Instability of
Microtubules in Live MCF-7 Cells. EGFP-tubulin-expressing
MCE-7 cells were incubated either with the vehicle or with §
and 10 yuM SHPP-33 for 3 h. The dynamics of individual
interphase microtubules in live MCF-7 cells were monitored by
time-lapse imaging.*’ The life history traces of individual
microtubules with respect to time were plotted, and various
parameters of dynamic instability were estimated from the
plots. As reported previously,””*** microtubules in the
vehicle-treated (control) cells displayed stochastic transitions
among the growth, shortening, and pause states (Figure 3).
However, SHPP-33 treatment reduced the dynamic instability
of microtubules (Figure 3 and Table 1). The growth rate of

Table 1. Effects of SHPP-33 on Various Parameters of the
Dynamic Instability of Microtubules®

S yuM SHPP- 10 uM SHPP-
control 33 33
growth rate (ym/min) 17 £ 5.5 113 +2.7° 109 +2°
shortening rate (um/min)  17.5 + 4.8 1.7 + 1.9° 11.5 + 2.5°
growth length (ym) 1.7 £ 0.8 0.8 + 0.2° 0.77 + 0.2°
shortening length (ym) 1.5 £ 0.6 1.0 + 0.2° 0.9 + 04"
growth time (min) 098 + 026 040 + 15° 037 + 17¢
shortening time (min) 075 + 018  0.56 + 0.18” 037 + 0.18"
pause time (min) 084 + 031 160 + 028" 175 + 03s”
% time spent in growth 382 +950 153 £ 5.7° 151 + 7°
% time spent in 2092+71 219+ 7° 149 + 7.4°
shortening
% time spent in pause 326 + 12 62.5 + 11.4° 69.9 + 12.7°
rescue frequency (no. of 114 +2 12,0 + 2.5¢ 12.8 + 3.0¢
events/min)
catastrophe frequency 47 £ 12 3218 23 + 134
(no. of events/min)
rescue frequency (no. of 0.7 £ 024 1+027° 12 + 0.45¢
events/um)
catastrophe frequency 0.5 +£02 1.6 + 0.7° 1.3 + 0.9¢
(no. of events/pum)
dynamicity (#m/min) 119 + 4.6 45 +2° 3.6 +21°

“Data are average + the standard deviation. n = 25 microtubules in
each case. The significance test was done by one-way ANOVA. bp <
0.05. °P < 0.001. “Not significant.

microtubules was reduced by 34 and 36% in the presence of §
and 10 yM SHPP-33, respectively. The compound also
inhibited the length of growing excursion and the percentage
of time microtubules spent in the growing phase. In addition,
SHPP-33 reduced the rate and extent of the shortening
excursions of microtubules. The catastrophe frequency per
minute was decreased by 32 and 51% in the presence of 5 and
10 uM SHPP-33, respectively. However, the compound did not
significantly influence the time-based rescue frequency.
Interestingly, SHPP-33 significantly increased both length-
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based rescue and catastrophe frequencies, suggesting that it
suppressed growing and shortening length excursions. SHPP-33
strongly increased the time the microtubule spent in the pause
state. The dynamicity (dimer exchange per unit time) of
microtubules was reduced by 62 and 70% in the presence of §
and 10 yuM SHPP-33, respectively.

5HPP-33 Inhibited MAP-Rich Tubulin Assembly.
Consistent with the previous studies,”>*>** SHPP-33 was
found to inhibit the assembly of MAP-rich tubulin in a
concentration-dependent manner (Figure S3A of the Support-
ing Information). For example, 14 + 4, 23 & 4, 37 + 9, and 63
+ 17% decreases in the level of assembly of microtubules
occurred in the presence of 2.5, 5, 10, and 20 yuM SHPP-33,
respectively. SHPP-33 also increased the lag time for MAP-rich
tubulin assembly, indicating that it inhibited the nucleation of
microtubules. In addition, SHPP-33 inhibited the assembly of
phosphocellulose-purified tubulin in the presence of 1 M
glutamate (Figure S3B of the Supporting Information). For
example, 5, 10, 20, and 30 yuM SHPP-33 inhibited the extent of
the tubulin assembly by 11 + 6, 39 + 8, 53 + 27, and 59 +
28%, respectively. SHPP-33 also inhibited DMSO-induced
assembly of purified tubulin in a concentration-dependent
manner (Figure S3C of the Supporting Information). For
example, 15 + 6, 31 + 9, and 42 + 16% inhibition of tubulin
assembly occurred in the presence of 10, 20, and 30 uM SHPP-
33, respectively. Further, electron microscopic analysis
suggested that SHPP-33 inhibited the assembly of both
MAP-rich tubulin and tubulin (Figure S4 of the Supporting
Information).

5HPP-33 Bound to Purified Tubulin with a Weak
Affinity. SHPP-33 reduced the intrinsic fluorescence of tubulin
in a concentration-dependent manner (Figure 4AI). The
dissociation constant (Ky) for binding of SHPP-33 to tubulin
was determined to be 45 + 12 yM from the fluorescence
quenching data (Figure 4AII). SHPP-33 displayed weak
fluorescence. The fluorescence intensity of SHPP-33 increased
upon incubation with tubulin, suggesting that it binds to tubulin
(Figure 4BI). A Ky for binding of SHPP-33 to tubulin was
determined to be 78 + 18 uM from the dose-dependent
increase in the fluorescence of SHPP-33 in the presence of
tubulin (Figure 4BII).

Determination of the Binding Site of 5HPP-33 on
Tubulin. The binding of SHPP-33 with tubulin increased the
fluorescence of SHPP-33 (Figure 4BI). The preincubation of
vinblastine with tubulin reduced the extent of development of
the fluorescence of SHPP-33, indicating that vinblastine
inhibited the binding of SHPP-33 to tubulin (Figure 4CLII).
In a separate experiment, BODIPY FL-vinblastine, a fluorescent
analogue of vinblastine was used to examine the effect of SHPP-
33 on the binding of vinblastine to tubulin.*' SHPP-33 reduced
the development of the fluorescence of BODIPY FL-
vinblastine, suggesting that SHPP-33 shares its binding site
on tubulin with vinblastine (Figure 4DLII). Podophyllotoxin
did not inhibit the development of SHPP-33 fluorescence in the
presence of tubulin, indicating that SHPP-33 does not share its
binding site on tubulin with podophyllotoxin (Figure 4E).

Computational Analysis of Binding of 5HPP-33 to
Tubulin. To gain further insight into the binding interaction of
SHPP-33 and tubulin, we performed molecular docking studies
of SHPP-33 and vinblastine binding on tubulin. The binding
energy for control docking of vinblastine on the tubulin dimer
was —11.72 kcal/mol for the minimum energy docked
conformation. A comparison between the X-ray crystallo-
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Figure 4. SHPP-33 bound to tubulin. Tubulin (2 #M) was incubated in the absence (M) and presence of 10 (0), 20 (A), 30 (A), 50 (@), 60 (O),
80 (V) and 100 uM SHPP-33 (V) for 20 min at 25 °C. (A) SHPP-33 reduced the intrinsic tryptophan fluorescence of tubulin in a concentration-
dependent manner (I). The decrease in the fluorescence intensity of tubulin was fit in a binding isotherm (II). (B) The fluorescence intensity of
SHPP-33 increased upon binding to tubulin. The spectrum of SHPP-33 was subtracted from the spectrum of SHPP-33 in the presence of tubulin.
Shown are the subtracted spectra of different concentrations of SHPP-33 [S (M), 10 (O), 15 (A), 20 (¥), 30 (left-pointing triangle), 40 (right-
pointing triangle), SO (@), 60 (), 70 (+), 80 (¥), and 100 M (®)] (I). The increase in the fluorescence intensity of SHPP-33 upon binding to
tubulin was plotted against SHPP-33 concentration to obtain Ky (II). (C) Tubulin (3 #M) was incubated without 0 (M) or with 20 (@), 30 (A), SO
(A), and 60 uM vinblastine (+) for 30 min at 25 °C. Subsequently, the reaction mixtures were incubated with 10 M SHPP-33 for 10 min at 25 °C.
The fluorescence spectra were noted (I), and the percent inhibition of SHPP-33 binding was calculated (II). (D) Tubulin (2 #M) was incubated
without or with different concentrations of SHPP-33 for 30 min at 25 °C. Then, the mixtures were incubated with 2 4M BODIPY FL-vinblastine for
20 min at 25 °C. Effects of different concentrations of SHPP-33 [0 (H), 10 (@), 20 (A), 30 (A), 40 (+), and 50 uM (O)] on the development of
the fluorescence of BODIPY FL-vinblastine upon tubulin binding are shown (I), and the percent inhibition of the binding of BODIPY FL-vinblastine
was calculated (II). (E) Tubulin (3 M) was incubated without (4) or with different concentrations [10 (H), 20 (A), 30 (@), and 50 uM (=)] of
podophyllotoxin for 30 min at 25 °C. Then, SHPP-33 (10 M) was added to the reaction mixtures, and they were incubated for an additional 20 min
at 25 °C. The fluorescence spectra were recorded using 350 nm as the excitation wavelength.
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Figure S. Docking of SHPP-33 to the tubulin dimer. Hydrophobic surface of chains B (/) and C (a) of PDB entry 1Z2B. The hydrophobic surface is
shown in dodger blue for the most hydrophilic, white for neutral, and orange-red for the most hydrophobic surface. SHPP-33 is colored forest green,
while vinblastine is colored red. Red, blue, and white sticks represent oxygen, nitrogen, and hydrogen atoms, respectively, of the ligands, SHPP-33,
and vinblastine. (A) The oblique line shows the axis where the f—a interface of PDB entry 1Z2B is cut to show the cross-sectional view of the
binding pockets of both SHPP-33 and vinblastine in panel B. (B) Cross-sectional view of SHPP-33 and the vinblastine binding pocket over the
hydrophobic surface. (C) The dotted square box shown in panel B is enlarged to give a close-up view of the SHPP-33 and vinblastine binding
pockets. Vinblastine (red) and SHPP-33 (forest green) are shown as insets in panel C. An overlap of the binding pockets of vinblastine and SHPP-33

can be clearly seen in panel C.

graphically determined structure and the docked conformation
was made. The rmsd between the “predicted” and crystallo-
graphically determined binding modes of vinblastine was found
to be 0.818 A, which because it was <2 A indicated that the
docking methodology used was appropriate.*’

Then, docking of SHPP-33 was performed with tubulin by
adopting the exact procedure as employed for vinblastine
(control). The analysis suggested that the SHPP-33 binding site
is at the f—a tubulin interface (Figure SA,B). The estimated
binding energy of this pose was found to be —6.86 kcal/mol.
The interaction of SHPP-33 with the tubulin dimer revealed
that SHPP-33 was forming contacts with residues Lys326 and
Asn329 of chain C and Prol7S, Lysl176, Vall77, Serl78,
Aspl79, Tyr210, Phe214, Leu219, Thr220, and Pro222 of chain
B. Thus, we concluded that the SHPP-33 binding pocket
consists of amphipathic amino acids (both hydrophobic and
hydrophilic residues). Moreover, SHPP-33 can make two
hydrogen bonds in the docked conformation, one each with
Asn329 and Thr220. More importantly, the binding pockets of
SHPP-33 and vinblastine were found to partially overlap
(Figure SC)

B DISCUSSION

In this study, SHPP-33 was found to bind to pure tubulin with a
weak affinity at the vinblastine site and to inhibit microtubule
assembly in vitro and in cultured MCF-7 cells. SHPP-33
dampened the dynamics of individual microtubules in live
MCE-7 cells and caused mitotic arrest and multipolar spindle
formation in MCF-7 cells.
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5HPP-33 Shares a Vinblastine Binding Site on
Tubulin. The binding affinities of SHPP-33 with tubulin
were determined to be 45 + 12 and 78 + 18 yM by using the
quenching of the tryptophan fluorescence of tubulin and the
enhancement of SHPP-33 fluorescence upon binding to
tubulin, respectively. The K; estimated by the two methods
differed by ~1.8-fold, which could be attributed to the
difference in the two fluorescence techniques. Earlier, the Ky
of the vinblastine—tubulin interaction was reported to vary
from 0.54 to 43 uM,**° indicating that the estimated
dissociation constant depends on the techniques used, solution
conditions, and protein preparations. Similar results were also
obtained for other inhibitors of tubulin. Nonetheless, the data
obtained in this study indicated that SHPP-33 binds to tubulin
with a weak affinity.

A competition assay involving SHPP-33 and vinblastine
indicated that vinblastine partially inhibited the binding of
SHPP-33 to tubulin. In a complementary assay, SHPP-33 was
found to partially inhibit the binding of BODIPY FL-vinblastine
to tubulin. The results together indicated that SHPP-33 and
vinblastine share their binding sites on tubulin. Further, a
molecular docking analysis suggested that SHPP-33 binds to
tubulin at the vinblastine site. Using radioactive vinblastine, it
was reported that SHPP-33 did not inhibit the binding of
vinblastine to tubulin.*® Vinblastine was found to bind to
tubulin with a K4 of 0.31 + 0.03 M using intrinsic tryptophyan
fluorescence quenching,®' indicating that vinblastine binds to
tubulin with an affinity much higher than that of SHPP-33.
Therefore, it was likely that SHPP-33 could not inhibit the
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binding of radioactive vinblastine to tubulin. Because
vinblastine binds to tubulin with an affinity higher than that
of SHPP-33, it could inhibit the binding of SHPP-33 to tubulin.
In BODIPY FL-vinblastine, a bulky molecule (4,4-difluoro-S,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene) is covalently attached
to vinblastine.>> Thus, BODIPY FL-vinblastine may bind to
tubulin weakly as compared to vinblastine. Therefore, SHPP-33
may inhibit the binding of BODIPY FL-vinblastine to tubulin.

Effects of 5HPP-33 on Microtubule Dynamics and
Mechanism of Inhibition of Cell Proliferation. SHPP-33
reduced the rate and extents of growing and shortening phases
of microtubules. It increased the time microtubules spent in the
pause state and strongly dampened the microtubule dynamics.
Similar to other microtubule-targeting agents, the suppression
of microtubule dynamics by SHPP-33 can occur via its binding
to the plus ends of microtubules, thus hampering the dynamics
of tubulin addition or removal at the tip of the microtubules. In
SHPP-33-treated cells, kinetically suppressed microtubules may
not be able to make proper attachment with the kinetochores.
The altered attachments of microtubules to kinetochores may
activate the spindle check point proteins leading to the mitotic
block. The mitotic spindles formed in the presence of SHPP-33
were aberrant with an increase in the number of monopolar and
multipolar cells. The distance between two poles of a bipolar
mitotic spindle was also reduced, which may be due to the
suppression of microtubule dynamics, thus affecting force
generation for centrosome separation. The number of multi-
nucleated interphase-like cells increased after treatment for 48 h
with SHPP-33. The formation of multinucleated cells in the
presence of SHPP-33 after treatment for 48 h suggested that
the multipolar mitotic cells continued to progress through the
cell cycle probably because of the lack of a stringent cell cycle
control mechanism in these cells.*”

A Possible Mechanism for Thalidomide-Mediated
Teratogenicity. During cell migration, asymmetrical regu-
lation of microtubule dynamics and stability at the front and
rear sides of a migrating cell gives rise to the polarity of the
microtubule network, which in turn helps in the migration of
cells.**** Microtubule dynamics plays crucial roles in angio-
genesis and cell migration;m54 therefore, thalidomide-mediated
anti-angiogenic effects can be due to its metabolites having
inhibitory effects on microtubule dynamics. This notion is
supported by the fact that the perturbation of microtubule
assembly in sea urchin embryo causes teratogenicity.”> The
exposure of hamster embryo to vinblastine and vincristine
caused congenital malformation.*® Colchicine also passes
through the placental barrier and is shown to be teratogenic
in animals.>’ It is reported that microtubule acetylation in the
direction of cell migration is associated with the establishment
of the polarized cell morphology.”® SHPP-33 increased the level
of global acetylation of microtubules (Figure S2A of the
Supporting Information), which might render a cell non-
responsive to migrational cues.*® Suppression of microtubule
dynamics also leads to nuclear accumulation of p53.>* p53 is
suggested to play an important role in the apoptosis and
induction of birth defects by teratogens.*® ' p53 is known to
suppress vascular endothelial growth factor (VEGF)®*% by
forming transcriptional repression complex,64 and thus, it can
suppress angiogenesis in the developing embryo.%®
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© Supporting Information

SHPP-33 treatment that depolymerized microtubules in MDA-
MB231 (Figure S1), effects of SHPP-33 on microtubule
acetylation in MCF-7 cells (Figure S2A), MCF-7 cells treated
with SHPP-33 that caused mitotic block (Figure S2B), MCF-7
cells treated with 10 and 20 yM SHPP-33 for 48 h that
displayed multinucleation (Figure $2C), SHPP-33 that
inhibited the assembly of MAP-rich tubulin (Figure S3A),
SHPP-33 that inhibited the assembly of purified tubulin in the
presence of 1 M glutamate (Figure S3B) and also inhibited
DMSO-induced assembly of purified tubulin (Figure S3C) in
vitro, and the inhibitory effects of SHPP-33 on the assembly of
MAP-rich tubulin and pure tubulin also analyzed by electron
microscopy (Figure S4). This material is available free of charge
via the Internet at http://pubs.acs.org.
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