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Synopsis
We have synthesized a curcumin derivative, 4-{5-(4-hydroxy-3-methoxy-phenyl)-2-[3-(4-hydroxy-3-methoxy-phenyl)-
acryloyl]-3-oxo-penta-1,4-dienyl}-piperidine-1-carboxylic acid tert-butyl ester (C1) that displays much stronger antipro-
liferative activity against various types of cancer cells including multidrug resistance cells than curcumin. C1 depoly-
merized both interphase and mitotic microtubules in MCF-7 cells and also inhibited the reassembly of microtubules
in these cells. C1 inhibited the polymerization of purified tubulin, disrupted the lattice structure of microtubules and
suppressed their GTPase activity in vitro. The compound bound to tubulin with a dissociation constant of 2.8 +− 1 μM
and perturbed the secondary structures of tubulin. Further, C1 treatment reduced the expression of Bcl2, increased
the expression of Bax and down regulated the level of a key regulator of p53, murine double minute 2 (Mdm2) (S166),
in MCF-7 cells. C1 appeared to induce p53 mediated apoptosis in MCF-7 cells. Interestingly, C1 showed more stability
in aqueous buffer than curcumin. The results together showed that C1 perturbed microtubule network and inhibited
cancer cells proliferation more efficiently than curcumin. The strong antiproliferative activity and improved stability of
C1 indicated that the compound may have a potential as an anticancer agent.
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INTRODUCTION

Curcumin is known to display antiproliferative activities against
various types of cancer cells [1–9]. Curcumin is under phase II
clinical trials for the treatment of pancreatic cancer (Clinical-
Trials.gov Identifier: NCT00094445), breast cancer (ClinicalTri-
als.gov Identifier: NCT01740323), colorectal cancer (Clinical-
Trials.gov Identifier: NCT00118989) and rectal cancer (Clinical-
Trials.gov Identifier: NCT00745134). In addition, curcumin has
entered into phase III clinical trials in combination with gem-
citabine and celebrex for pancreatic cancer (ClinicalTrials.gov
Identifier: NCT00486460). Curcumin was found to be effect-
ive with low side effects in clinical trials indicating a potential
chemotherapeutic and chemopreventive use of the compound
[10–13].

Curcumin perturbs a large number of cellular processes [14].
It targets regulatory molecules including transcription factors,
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critical signalling molecules, enzymes, growth factors, apoptotic
proteins and tubulin [14–19]. Curcumin is reported to exert its
activity by blocking the cell at a defined cell cycle stage, indu-
cing autophagic death of the cell, inhibiting the invasion cap-
ability of tumour, preventing angiogenesis and by inducing pro-
grammed cell death of the cancer cells [15]. Previous studies
suggested that tubulin is one of the primary targets for curcumin
[16–18]. Curcumin binds to tubulin and inhibits its assembly
in vitro [16,17]. Curcumin perturbed the dynamic instability of
microtubules in MCF-7 cells and induced apoptosis in these cells
[18].

The poor absorption, low bioavailability and poor stability of
curcumin limit its wider application for treating cancer. There-
fore, several attempts were made to use curcumin in combina-
tion with adjuvant or to load with nanoparticles for improved
anticancer activity [19]. An alternative strategy involves the
synthesis of curcumin-derived molecules with a similar back-
bone but with modified functional groups [13]. Curcumin is a
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polyphenol, which consists of two α–β unsaturated carbonyl
groups with a diketo moiety in the middle. The two
hydroxy groups at the two phenyl rings are reported for the activ-
ity and the instability of curcumin in aqueous solution [20]. A
large number of curcumin analogues have been synthesized and
screened for their anticancer activity [21–24].

In this work, curcumin derived compounds modified at the act-
ive methylene (C1–C4) have been evaluated. C4 was synthesized
earlier (reported as Compound 7) and found to be more potent
than curcumin against HeLa cells [17]. In the present study, C1
and C3 were found to display more potent antiproliferative activ-
ity than curcumin against MCF-7 cells. Both C1 and C3 inhibited
microtubule assembly in vitro and disrupted the microtubule net-
work in cells. However, C1 inhibited the proliferation of MCF-7
cells at a lower concentration than C3. Therefore, we sought to
elucidate the mechanism of action of C1. C1 bound to tubulin,
inhibited and suppressed the GTPase activity of microtubules. In
addition, C1 was found to disrupt the secondary structure of tu-
bulin. We provide data suggesting that C1 treatment induced p53
dependent apoptotic pathway in MCF-7 cells. C1 is one of the
most potent curcumin derivatives reported so far and the results
suggest that C1 might have a potential as an anticancer agent.

EXPERIMENTAL

Materials
Sulforhodamine B (SRB), mouse monoclonal anti-α-tubulin IgG,
mouse monoclonal anti-β-actin IgG, alkaline phosphatase con-
jugated anti-mouse IgG, rabbit monoclonal anti-Bax IgG, al-
kaline phosphatase conjugated anti-rabbit IgG, Hoechst 33258
dyes were purchased from Sigma. Annexin V FITC and prop-
idium iodide apoptosis detection kit was purchased from BD
Pharmigen. Alexa flour 568 anti-mouse IgG and FBS were
purchased from Molecular probes, Invitrogen. Mouse mono-
clonal anti-p53 IgG, rabbit polyclonal anti-Bcl2 IgG, rabbit
polyclonal anti-PARP (poly ADP ribose polymerase) IgG and
mouse monoclonal anti-p21 IgG were purchased from Santa Cruz
Biotechnology. Rabbit polyclonal anti-murine double minute 2
(Mdm2; S166) was purchased from Abcam. 1H NMR was recor-
ded on a Buker 300 Hz instrument and mass on Applied Biosys-
tem 4700. Other reagents used in the study were of analytical
grade and were obtained from Sigma or HiMedia.

Cell culture
Human breast adenocarcinoma (MCF-7), human cervical car-
cinoma (HeLa), highly metastatic breast adenocarcinoma (MDA-
MB-231) and human colorectal carcinoma (HCT 116) cells were
procured from National Centre for Cell Science. The multidrug
resistant mouse mammary tumour (EMT6/AR1) cells were pur-
chased from Sigma. MCF-7 and HeLa cells were cultured in
Eagle’s minimal essential medium (MEM) (HiMedia) supple-
mented with 10 % (v/v) FBS and 1 % (v/v) antibiotic–antimycotic

solution as described earlier [25]. MDA-MB-231 cells were
grown in Leibovitz’s L-15 medium [26]. EMT6/AR1 cells
were grown in MEM medium containing 1 mg/ml doxorubicin
[27]. All the cells were cultured at 37 ◦C incubator in humidified
chamber of 5 % CO2.

Determination of IC50 of curcumin analogues in the
MCF-7 cells
Curcumin derivatives (C1, C2, C3 and C4) were dissolved in
DMSO. MCF-7 cells (1 × 105 cells/ml) were seeded in a 96 well
cell culture plate for 24 h. The medium was then replaced with
a fresh medium containing either the vehicle (0.1 % DMSO) or
different concentrations of C1, C2, C3, C4 and curcumin. The
cells were allowed to grow for 48 h, fixed with 50 % (tricarboxylic
acid) TCA for 1 h at 4 ◦C, then washed and dried completely.
Sulforhodamine B (0.4 %) was added to the well for 1 h and
further washed with 1 % acetic acid [28]. After the plate was dried,
Tris chloride (10 mM, pH 8.0) was added for 30 min and the
reading was taken at 520 nm. The concentration of a compound
required to inhibit the proliferation of cells by 50 % was defined
to be its IC50 value. The experiment was performed three times
for each curcumin analogue. The IC50 values for HeLa, MDA-
MB-231, EMT6/AR1 and HCT 116 (p53+ + /p53− − ) cells were
determined similarly after incubating the cells with C1 for one cell
cycle. The IC50 value of curcumin in EMT6/AR1 was determined
as mentioned above.

Microtubule polymerization assay
Tubulin was purified from goat brain using the protocol as de-
scribed earlier [29] and the protein concentration was determ-
ined by Bradford method [30]. Tubulin (10 μM) was incubated
without and with different concentrations (0.1, 0.2, 0.5, 1, 2, 5,
10 and 20 μM) of C1 in PEM buffer [50 mM piperazine-N,N ′-
bis(ethanesulfonic acid) (PIPES), pH 6.8, 3 mM MgCl2, 1 mM
EGTA] with 1 M glutamate at 4 ◦C for 10 min [31]. Subsequently,
1 mM guanosine-5′-triphosphate (GTP) was added and the reac-
tion tube was transferred to SoftMax Spectra Multi Plate reader
set at temperature 37 ◦C. The polymerization was monitored for
20 min by measuring the absorbance at 350 nm. C1 (0.1, 0.2, 0.5,
1, 2, 5, 10 and 20 μM) was also monitored under the similar con-
ditions and subtracted from the respective reaction set. Similarly,
the effect of different concentrations of C3 (0, 3, 5, 10, 15 and
20 μM) on tubulin assembly was studied. The experiment was
done three times for C1 and C3.

Electron microscopy
MAP rich tubulin was purified by using 4 M glycerol instead of
monosodium glutamate [32]. Tubulin (1.5 mg/ml) was incubated
in the absence and presence of C1 (10 μM) in PEM buffer on
ice. Afterward, 1 mM GTP was added and transferred to water
bath set at 37 ◦C for 20 min. The polymers were then fixed with
0.5 % glutaraldehyde and spotted on carbon-formvar coated grids
(Electron Microscopy Sciences). The grids were then washed
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with milliQ water and stained with 1 % uranyl acetate [33]. The
microtubules were then visualized under an electron microscope
(JEM 2100 ultra HRTEM instrument at 200 kV).

Malachite green assay
Tubulin (10 μM) was incubated without and with different con-
centrations (1, 2, 3, 5 and 10 μM) of C1 for 10 min on ice in PEM
buffer with 1 M monosodium glutamate. Similar concentrations
of vinblastine were taken as a positive control. Subsequently,
1 mM GTP was added to the reaction mixtures and the reaction
mixtures were incubated at 37 ◦C for 10 min. The reaction was
stopped by adding 10 % (v/v) of 7 M perchloric acid. The amount
of inorganic phosphate released was estimated using the standard
malachite green assay [31,34]. The experiment was performed
three times.

Circular dichroism
Tubulin was incubated without and with C1 (2 and 4 μM) for
20 min in 10 mM phosphate buffer pH 7.2 at 25 ◦C. The far-
UV (195–260 nm) CD spectra were recorded in JASCO J-1500
CD spectrophotometer using a quartz cuvette of 0.1 cm path
length. The experiment was done three times. The data obtained
were analysed using CDPro software and secondary structure
prediction was done using CONTINLL, CDSSTR and SELCON3
[35].

Gel filtration
The interaction between C1 and tubulin was monitored using size
exclusion chromatography. The void volume of the P4 resin was
determined using blue dextran. Tubulin (20 μM) was incubated
with C1 (40 μM) for 30 min at 25 ◦C in 50 mM PIPES (pH 6.8).
Tubulin, C1 and tubulin–C1 complex were loaded individually on
to the column and fractions of 200 μl each was collected. Tubulin
was monitored using Bradford reagent by measuring absorbance
at 595 nm and C1 was detected by monitoring the absorbance at
360 nm. The experiment was performed twice.

Determination of the binding affinity of C1 to
tubulin
Tubulin (3 μM) was incubated in the absence and presence of
different concentrations (0.1, 0.2 0.5, 1, 2, 3, 5, 10, 15, 20 and
25 μM) of C1 for 30 min in 50 mM PIPES (pH 6.8) at 25 ◦C. The
fluorescence spectra (310–370 nm) were recorded by exciting the
reaction mixtures at 295 nm. A cuvette of path length (0.3 cm)
was used for the experiment. The inner filter effect correction
was performed using the following formula,

Fcorrected = Fobserved × antilog
(Aexcitation + Aemission)

2

where Fcorrected is the corrected florescence, Fobserved is the ob-
served fluorescence, Aexcitation is the absorbance of compound at
its excitation wavelength (295 nm) and Aemission is the absorbance
at the emission maxima wavelength (334 nm).

The fluorescence intensity values were fitted in the equation,

�F =
�F

max
[
([P0] + [L0] + Kd) −

√
([P0] + [L0] + Kd)2 − 4 [P0] [L0]

]

2 [P0]

where, �F is the change in fluorescence in the presence of C1,
�Fmax is the maximum difference in the fluorescence intensity
when tubulin is fully bound with C1, P0 and L0 are the concen-
trations of tubulin and C1 respectively [31]. The value of the
dissociation constant (Kd) was determined using the Graph Pad
Prism 5 software. The experiment was done three times.

In a separate experiment, tubulin (3 μM) was incubated in
the absence and presence of different concentrations (1–20 μM)
of curcumin for 20 min in 50 mM PIPES (pH 6.8) at 25 ◦C. A
dissociation constant for the binding of curcumin to tubulin was
determined as described above.

Competition assay
Tubulin (3 μM) was incubated with curcumin (5 μM) for 20 min
at 25 ◦C in PIPES buffer (50 mM, pH 6.8). Then, the reaction
mixtures were incubated in the absence and presence of different
concentrations (2, 5, 10, 15 and 20 μM) of C1 for an additional
10 min. The fluorescence spectra were recorded by exciting the
reaction mixtures at 425 nm [16,17]. The difference in the fluor-
escence intensity of tubulin–curcumin complex in the presence
of C1 was calculated and fitted into the formula,

K i = EC50/ (1 + [L] /Kd)

where K i is the half-inhibitory concentration of C1, a concentra-
tion of C1 required to displace curcumin by 50 %, EC50 is the
value at which fluorescence was decreased to the half in the pres-
ence of C, [L] is the concentration of C1 and Kd is the dissociation
constant of binding of curcumin to tubulin [36].

Stability
C1 and curcumin (20 μM) were incubated in PBS for 4 h and the
absorbance of the compounds was monitored at 360 and 425 nm,
respectively using a SoftMax Spectra Multi Plate reader. The
experiment was repeated three times.

Immunofluorescence microscopy
Immunofluorescence staining was performed as described earlier
[31,32,37,38]. Briefly, MCF-7 cells (1 × 105 cells/ml) were
seeded on to coverslips in a 24 well cell culture plates. The me-
dia was replaced after 24 h with a new media either containing
the vehicle (0.1 % DMSO) or C1 (3 and 6 μM). The cells were
grown for either 30 min or 24 h at 37 ◦C. The cells were fixed
with 3.7 % formaldehyde at above mentioned time points. Mi-
crotubules were stained using monoclonal anti-α-tubulin mouse
IgG and anti-mouse Alexa 568. The staining for p53 and p21 was
performed using monoclonal anti-p53 and anti-p21 mouse IgG.
DNA was stained using Hoechst 33258 dye. The fluorescence
images were captured using TE Eclipse 2000U fluorescence mi-
croscope (Nikon) and analysed with Image-Pro Plus software.
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Figure 1 Structure of curcumin and curcumin analogues
Curcumin (A), 4-{5-(4-hydroxy-3-methoxy-phenyl)-2-[3-(4-hydroxy-3-methoxy-phenyl)-acryloyl]-3-oxo-penta-1,4-dienyl}-piperidine-1-carboxylic
acid tert-butyl ester, C1 (B), trifluoro-acetate4-{5-(4-hydroxy-3-methoxy-phenyl)-2-[3-(4-hydroxy-3-methoxy-phenyl)-acryloyl]-3-oxo-penta-1,
4-dienyl}-piperidinium C2 (C), 4-benzylidene-1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5-dione C3 (D) and
4-(4-hydroxy-3-methoxy-benzylidene)-1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5-dione C4 (E).

C1 inhibited the reassembly of depolymerized
microtubules
MCF-7 cells were grown in a 24-well cell culture plates for 24 h.
The media was then replaced with a chilled media and incubated
on ice for 30 min. The cold media was replaced with a warmed
media containing either the vehicle (0.1 % DMSO) or C1 (6 μM)
and the cells were incubated at 37 ◦C for 15 and 30 min in a
CO2 incubator [26,38]. The cells were fixed with formaldehyde
at different time intervals and microtubules were immunostained.

C1 induced apoptosis in MCF-7 cells
MCF-7 cells treated with either a vehicle (0.1 % DMSO) or dif-
ferent concentrations (3 and 6 μM) of C1 or curcumin (6 μM) for
48 h. The cells were then stained with Annexin V and propidium
iodide [25,31] (BD Biosciences). The data were compensated
with the control cells.

Western blot analysis
MCF-7 cells treated without and with C1 (3 and 6 μM) for 24 h
and the cells were lysed [37,38]. The protein concentration was
determined by Bradford method using BSA as standard [30]. An
equal concentration of protein was loaded on SDS/PAGE and
the separated protein was electro-blotted on to PVDF membrane.
Immunoblotting was performed using the anti-PARP, anti-p53,
anti-p21, anti-Bax, anti-Bcl2 and anti-Mdm2 (S166) IgG. ImageJ
software was used for measuring the band intensities in each blot.

RESULTS

Chemistry
Knoevenagel condensates of curcumin were prepared as il-
lustrated in Supplementary Scheme S1 as reported previously
[39,40]. Knoevenagel condensates of curcumin were synthes-
ize by reaction of curcumin with respective aldehyde (4-
formyl-piperidine-1-carboxylic acid tert-butyl ester, 4-hydroxy-
3-methoxybenzaldehyde; benzaldehyde) in the presence of cata-
lytic amount of piperidine and anhydrous dimethylformam-
ide (DMF) to yield the desired compound C1, C3 and C4.
Boc-group from curcumin derivative C1 was deprotected in
the presence of trifluoroacetic acid (TFA) and anhydrous
CH2Cl2 to get compound C2 in quantitative yield (Supplementary
Scheme S1).

The formation of compounds C1, C2, C3 and C4 via Knoeven-
agel’s condensation was validated by the disappearance of alde-
hydic proton (δ 9.80–10.10 ppm) and appearance of singlet proton
at 8.0 and 7.85 ppm corresponds to benzylidene ( CH-Ar) ; in-
dicates the structure of desired compounds C3 and C4. In similar
fashion appearance of piperidylidene ( CH-piperidine) proton
at δ 7.91 showed the formation of compound C2. In addition
all the Knoevenagel condensates of curcumin were characterized
by ESI-MS also (Supplementary Information NMR/MS spectral
data Supplementary Figures S1–S8). The purity of compounds
is >95 % as determined by HPLC. The chemical structures of
curcumin and Knoevenagel condensates of curcumin (C1, C2,
C3 and C4) are shown in Figure 1.
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Figure 2 C1 inhibited tubulin assembly more strongly than C3
(A) Tubulin was polymerized in the absence (�) and presence of different concentrations of C1 [0.1 μM (�), 0.2 μM (�),
0.5 μM (�), 1 μM (�), 2 μM (�), 5 μM (�), 10 μM (�) and 20 μM (×)] in PEM buffer with 1 M monosodium glutamate
and 1 mM GTP for 20 min at 37 ◦C. (B) Tubulin polymerization was done under similar conditions as mentioned above in
the absence (�) and presence of C3 3 μM (�), 5 μM (	), 10 μM (�), 15 μM (�) and 20 μM (�). The experiment was
done three times for C1 and C3. Shown is one of the independent sets of experiments.

Table 1 Half-maximal inhibitory concentration (IC50) of
curcumin analogues in MCF-7 cells
The data represent an average IC50 value from three independent sets
of experiment with S.D. (+−).

Compounds
Half-maximal inhibitory
concentration IC50 (μM)

C1 1.5 +− 0.7

C2 26.2 +− 3

C3 2.9 +− 0.4

C4 6.3 +− 0.2

Curcumin 17.1 +− 0.7

C1 and C3 inhibited the proliferation of MCF-7 cells
more potently than curcumin
The antiproliferative potential of curcumin analogues (C1–C4)
were determined using MCF-7 cells. The half-maximal prolifer-
ation inhibitory concentration (IC50) of C1, C2, C3 and C4 was
found to be 1.5 +− 0.7, 26.2 +− 3, 2.9 +− 0.4 and 6.3 +− 0.2 μM, re-
spectively (Supplementary Figure S9, Table 1) in MCF-7 cells.
Consistent with the previous studies [18,41,42], curcumin in-
hibited the proliferation of MCF-7 cells with an IC50 value of
17.1 +− 0.7 μM indicating that C1 and C3 were more potent in-
hibitors of MCF-7 proliferation than curcumin.

C1 inhibited tubulin assembly more strongly than
C3 in vitro
Curcumin was found to inhibit tubulin assembly in vitro [16,17],
therefore, we checked the effect of C1 and C3 on the assembly
of tubulin in vitro. Both C1 (Figure 2A) and C3 (Figure 2B) in-
hibited the glutamate-induced assembly of purified tubulin. The

polymerization of tubulin was inhibited by 37 +− 2, 43 +− 1.5 and
53 +− 3 % in the presence of 5, 10 and 20 μM C1 respectively.
However, 5, 10 and 20 μM C3, inhibited the polymerization of
tubulin by 18 +− 4, 26 +− 8 and 45 +− 4 %, respectively, indicating
that C1 inhibited tubulin polymerization more strongly than C3.
Both C1 and C3 (6 μM) depolymerized microtubules in MCF-7
cells whereas the vehicle treated cells showed typical microtu-
bule network (Supplementary Figure S10). The results indicated
that like curcumin, C1 and C3 also depolymerized microtubules
in cells. Since C1 and C3 both inhibited microtubule assembly
in vitro and in cells; we sought to elucidate the mechanism of
action of C1 because it is more potent than C3.

C1 inhibited tubulin assembly and GTPase activity
of microtubules
MAP-rich tubulin was polymerized to from microtubules (Fig-
ure 3A). In the absence of C1, microtubules were found in most
of the grid areas whereas, in the presence of 10 μM C1, few mi-
crotubules were observed per field of view (Figures 3A and 3B).
Control microtubules were straight and intact flattened tubes [33].
In contrast, the microtubules formed in the presence of C1, were
curved and no distinct protofilaments could be seen (Figure 3B).
Similarly, when pure tubulin was polymerized, fewer microtu-
bules were observed per microscopic field in the presence of
C1 than its absence. The results indicated that C1 inhibited the
assembly of microtubules in vitro.

Microtubules show GTPase activity, which is critical for its as-
sembly and dynamics [43]. C1 and vinblastine (a known inhibitor
of microtubules) inhibited the GTPase activity of microtubules
in a concentration dependent manner (Figure 3C). For example,
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Figure 3 C1 inhibited the assembly and GTPase activity of microtubules
Electron micrograph of MAP rich microtubules polymerized with 1 mM GTP in the absence (A) and presence of C1 (10 μM,
B). The scale bar indicates 50 nm. (C) C1 inhibited the GTPase activity of microtubules. Tubulin was polymerized in the
presence of increasing concentrations (1, 2, 3, 5 and 10 μM) of C1 (�) and vinblastine (�) in PEM buffer for 10 min at
37 ◦C with 1 M monosodium glutamate and 1 mM GTP. The data represent an average of three sets; error bars are S.D.

10 μM C1 suppressed the GTPase activity by 64 +− 5.2 % and
vinblastine (10 μM) reduced the GTPase activity by 84 +− 3.5 %.

C1 disrupted the secondary structure of tubulin
An analysis of the secondary structure of tubulin by circular di-
chroism spectroscopy suggested that tubulin contains 35 +− 2.7 %
helix, 21 +− 4.5 % sheet and 45 +− 5.5 % turns and random coils as
described previously [44] (Figure 4A). C1 (2 and 4 μM) signific-
antly decreased the α-helix content of tubulin. For example, the α-
helix content decreased from 35 +− 2.7 to 27 +− 3.2 and 22 +− 2.2 in
the presence of 2 and 4 μM C1 respectively. The turn and random
coil contents of tubulin were found to increase in the presence of
4 μM C1 indicating that the binding of C1 alters the secondary
structure of tubulin (Figure 4B).

C1 binds to tubulin in vitro
The binding of C1 to tubulin was monitored using size exclusion
chromatography. Tubulin and C1 were found to elute at 2 and

8.2 ml respectively (Figure 5A). When a mixture of tubulin and
C1 was loaded on to the same column; C1 eluted in two differ-
ent fractions namely at 2 and 8.2 ml. C1 co-eluted with tubulin
suggesting that C1 interacts with tubulin in vitro. The affinity of
the interaction between C1 and tubulin was determined by mon-
itoring the quenching of the intrinsic tryptophan fluorescence of
tubulin. C1 reduced the tryptophan fluorescence of tubulin (Fig-
ure 5B) and a dissociation constant for the binding of C1 to
tubulin was estimated to be 2.8 +−1 μM (R2 = 0.99) (Figure 5C).
Curcumin also decreased the tryptophan fluorescence of tubulin
and a dissociation constant for the interaction was determined to
be 5.2 +− 0.8 μM (R2 = 0.99) (Supplementary Figures S11A and
S11B).

C1 displaced the bound curcumin from tubulin
Curcumin fluoresces strongly upon binding to tubulin [16,17].
Therefore, we checked whether C1 could inhibit the fluores-
cence of curcumin–tubulin complex. C1 decreased the fluores-
cence intensity of curcumin–tubulin complex in a concentration
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Figure 4 C1 perturbed the secondary structure of tubulin
(A) Tubulin was incubated without (�) and with C1, 2 μM (�) and 4 μM (	) and the far UV (195–260 nm) signal was
recorded using CD spectrophotometer. The experiment was done three times, shown is one of the independent sets. (B)
The secondary structure (α-helix, sheet, turn and random coil) content of tubulin in the absence and presence of C1 was
determined using CDPro software and plotted as mean with +−S.D.

dependent manner (Figure 6A). In addition, there was a red shift
in the spectra. The result showed that C1 could displace the bound
curcumin from tubulin–curcumin complex. Assuming one bind-
ing site for C1 on tubulin, a Ki value was estimated to be 8 +− 2 μM
(R2 = 0.99) (Figure 6B).

C1 is more stable than curcumin in PBS
Both C1 and curcumin were dissolved in PBS, pH 7.4 and the
absorbance was recorded for 4 h at 30 min interval. The results
showed that there was a significant decrease in the absorbance of
curcumin (Figure 6C). For example, the absorbance of curcumin
was found to decrease by 22 +− 4 and 40 +− 5 % at 2 and 4 h re-
spectively. In contrast, the absorbance of C1 decreased by 5 +− 0.5
and 8 +− 1 % at 2 and 4 h, respectively suggesting that C1 is sig-
nificantly more stable in physiological buffer than curcumin.

A short exposure of C1 disrupted microtubule
network in MCF-7 cells
MCF-7 cells were incubated with C1 (6 μM) for 30 min. C1
depolymerized the microtubules at the cell cortex as evident
by the diffused staining of α-tubulin (Figure 7A, C1 6 μM).
In the vehicle treated (0.1 % DMSO) cells, a typical network
of microtubules in interphase cells was observed (Figure 7A,
control). A brief (30 min) exposure of 6 μM curcumin did
not efficiently depolymerize the microtubules in MCF-7 cells
(Figure 7A, curcumin 6 μM) indicating that C1 was more ef-
fective in targeting microtubules than curcumin at the similar
concentration.

C1 prevented the reassembly of cold depolymerized
microtubules in MCF-7 cells
Upon 30 min incubation on ice, microtubules of the MCF-7 cells
got depolymerized. After 15 min incubation at 37 ◦C, a signi-
ficant reassembly of microtubules occurred in the control cells.
Microtubules of the control cells were fully recovered and formed
a well-defined network after 30 min of incubation at 37 ◦C (Fig-
ure 7B, upper panel). In contrast, the reassembly of microtubules
did not occur in the C1 treated cells even after 30 min incub-
ation at 37 ◦C (Figure 7B, lower panel). The result indicated
that C1 prevents the reassembly of microtubules in the MCF-7
cells.

C1 induced apoptosis in MCF-7 cells
C1 treatment induced apoptosis in MCF-7 cells as evident by flow
cytometry analysis (Figure 8A). In control cells (0.1 % DMSO),
the live and dead cells were found to be 95 +− 3 and 4 +− 3 % re-
spectively. In the presence of 3 and 6 μM C1, 20 +− 4 and 8 +− 2 %
of the cells were live and 74 +− 6 and 91 +− 3 % of the cells were
dead respectively. In the presence of 6 μM curcumin, 80 +− 4.5
and 18 +− 3 % cells were live and dead cells respectively (Table 2).
A cleavage of PARP protein indicates apoptosis [45]. C1 (6 μM)
treatment generated a cleaved fragment of 85 kDa indicating that
C1 induced apoptosis in MCF-7 cells (Figure 8B).

C1 induced a p53 dependent apoptotic pathway
Curcumin is reported to induce apoptosis by activating p53
[46,47]. The activation of p53 is related to its translocation into
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Figure 5 C1 binds to purified tubulin in vitro
(A) The interaction between C1 and tubulin was monitored using size exclusion chromatography. Tubulin (20 μM) was
incubated with C1 (40 μM). The elution profiles of tubulin (�), free C1 (
), the mixture of C1 and tubulin are shown. In the
mixture of C1 and tubulin, the elution of C1 (�) and tubulin (�) are shown. Tubulin was monitored using Bradford reagent
and C1 was monitored by absorbance at 360 nm respectively. The experiment was performed twice. (B) C1 inhibited the
tryptophan fluorescence of tubulin. Tubulin was incubated without (�) and with different concentrations of C1 [1 μM (�),
2 μM (	), 3 μM (�) 5 μM (�) 10 μM (
) 15 μM (�) 20 μM (∇) and 25 μM (�)] for 30 min at 25 ◦C. Fluorescence spectra
were recorded by exciting the reaction mixture at 295 nm. (C) C1 quenched the tryptophan fluorescence of tubulin in a
concentration dependent manner.

Table 2 The percentage of live and dead cells was determined
from flow cytometry
Data are average of four experiments and +− indicates S.D.

Live (%) Dead (%)

Control cells 95 +− 3 4 +− 3

C1 (3 μM) 20 +− 4 74 +− 6

C1 (6 μM) 8 +− 2 91 +− 3

Curcumin (6 μM) 80 +− 4.5 18 +− 3

the nucleus. In C1 treated cells, p53 staining was found in the
nuclei of 85 +− 6 % of the cells whereas only 12 +− 5 % of the
vehicle treated cells showed nuclear staining of p53 (Figure 9A,
Supplementary Figure S12A). p21 is a downstream protein of

p53 activated pathway. The nuclear localization of p21 strongly
increased in the C1 treated cells (78 +− 8 %) as compared with
the vehicle treated cells (10 +− 5 %) (Figure 9B, Supplementary
Figure S12A). We next checked whether the increased localiza-
tion to the nucleus was due to an increased expression level of
p53 and p21. The effects of C1 on the expression level of p53
and p21 at different times and concentrations were measured by
Western blotting (9CI and CII). C1 treatment increased the ex-
pression level of p53 and p21 (9 CI and CII). For example, the
level of p53 increased by 21 +− 5 (P = 0.001) and 29 +− 4 % (P =
0.0005) and the level of p21 increased by 27 +− 4 (P = 0.002)
and 36 +− 3 % (P = 0.0004) at 24 and 48 h, respectively, in 6 μM
C1 treated cells as compared with the control (9CI). However,
the level of p53 increased by 20 +− 4 % (P = 0.001) and 27 +− 3 %
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Figure 6 C1 displaced the bound curcumin from the tubulin–curcumin complex
(A) C1 decreased the fluorescence of tubulin–curcumin complex. Tubulin was incubated in the absence (�) and presence
of curcumin (5 μM) (�) for 20 min. The reaction mixtures were then incubated without or with different concentrations of
C1 [2 μM (	), 5 μM (∇), 10 μM (�), 15 μM (�) and 20 μM (�)] for an additional 10 min. The emission spectra were
recorded using 425 nm as the excitation wavelength. (B) The difference in fluorescence intensity (�F) was plotted against
the logarithmic value of C1 concentrations. The experiment was performed three times. (C) The absorbance of C1 (�)
and curcumin (�) was taken at 360 and 425 nm respectively for 4 h and was normalized to 1. The experiment was done
three times, shown the mean with +−S.D.

(P = 0.0001) when cells were treated with 6 and 9 μM C1,
respectively for 24 h. The level of p21 was increased by 19 +− 5 %
(P = 0.003) and 26 +− 3 % (P = 0.00012) (9CII). The activation
of p53 is reported to regulate apoptosis in several ways [47].
The p53 activation can alter the expression level of protein Bcl-
xL and Bax [48,49]. Therefore, the expression level of Bax and
Bcl-2 in C1 treated cells were examined. The expression level of
anti-apoptotic protein Bcl-2 decreased by 85 +− 7 % in 6 μM C1
treated cells than the vehicle treated cells (Figure 9D). Interest-
ingly, the level of the pro-apoptotic protein Bax was increased by
48 +− 15 and 125 +− 20 % in the 3 and 6 μM of C1 treated cells as
compared with the control cells (Figure 9E, Supplementary Fig-
ure S12B). The result suggested that p53 activation in C1 treated
cells modulated the expression level of Bcl-2 and Bax. Mdm2 is
a primary inhibitor of p53 [50]. The phosphorylation of Mdm2
on Ser166 and Ser186 positions has been reported to diminish the

cellular level as well as the transcriptional activity of p53 [51,52].
The level of Mdm2 (S166) decreased by 14 +− 2 and 45 +− 5 % in
the presence of 3 and 6 μM C1, respectively with respect to the
vehicle treated cells (Figure 9F, Supplementary Figure S12C).
The result suggested that C1 treatment reduced the inhibitory
activity of Mdm2 and increased the activity of p53 in MCF-7
cells.

C1 inhibited the proliferation of various cancer cell
lines
The antiproliferative potential of C1 against human cervical car-
cinoma (HeLa), highly metastatic breast adenocarcinoma (MDA-
MB-231), human colorectal carcinoma (HCT 116 p53+ + and
HCT 116 p53− − ) and multidrug resistant mouse mammary
tumour (EMT6/AR1) cells was evaluated (Figure 10A). The
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Figure 7 (A) A short exposure of C1 to the MCF-7 cells depolymerized microtubules and prevented its reassembly
MCF-7 cells were incubated with vehicle (0.1 % DMSO) and C1 (6 μM) for 30 min. Curcumin (6 μM) was taken for
comparison. Microtubules were stained with Alexa 568 as a secondary antibody. (B) C1 inhibited the reassembly of
depolymerized microtubules. MCF-7 cells seeded on to coverslips were depolymerized by incubation on ice for 30 min.
MCF-7 cells were then incubated with warm media containing vehicle (0.1 %) and C1 (6 μM) at 37 ◦C. Cells containing
vehicle (0.1 %, the upper panel) and C1 (6 μM, the lower panel) were fixed at 0, 15 and 30 min after incubation and
processed for immunostaining using anti-α-tubulin IgG. Scale bar = 10 μm.

Table 3 Half-inhibitory proliferation concentration (IC50) of
C1 in HeLa, MDA-MB-231, HCT 116 p53+ + , HCT 116 p53− − ,
EMT6/AR1 and MCF-7 cell lines
The data represent average IC50 values from three independent exper-
iments with S.D. (+−).

Cancer cell lines IC50 (μM)

HeLa 2.3 +− 0.8

MDA-MB-231 2.3 +− 0.5

HCT116 p53+ + 1.2 +− 0.3

HCT116 p53− − 2.3 +− 0.7

EMT6/AR1 7.2 +− 0.3

MCF-7 1.5 +− 0.7

IC50 value was determined to be 2.3 +− 0.8, 2.3 +− 0.5, 1.2 +− 0.3,
2.3 +− 0.7 and 7.2 +− 0.3 μM for HeLa, MDA-MB-231, HCT 116
p53+ + , HCT 116 p53− − and EMT6/AR1 respectively (Table 3).
The IC50 of curcumin for EMT6/AR1 was determined to be
35 +− 2 μM (Figure 10B). The result suggested that C1 is highly
effective in targeting various cancer cell lines.

DISCUSSION

C1, a curcumin-derived compound, was found to be ∼10 times
more potent than curcumin in inhibiting the proliferation of MCF-
7 cells. C1 also potently inhibited various cancer cells such as
MDA-MB-231, HCT 116 and HeLa cells with IC50 values of
2.3 +− 0.5, 1.2 +− 0.3 and 2.3 +− 0.8 μM respectively. In compar-
ison, curcumin exhibited IC50 values of 38–45 μM in MDA-
MB-231, 43.3 μM in HCT 116 cells and 18 μM in HeLa cells
[17,41,42]. Importantly, C1 showed ∼5 times more efficacy than
curcumin in inhibiting the proliferation of a multidrug resistant
mouse mammary tumour cells, EMT6/AR1 indicating that C1
is more effective than curcumin in inhibiting the proliferation of
various types of cancer cells.

Similar to curcumin [16–18], C1 also bound to purified tu-
bulin. The dissociation constant (Kd) for the binding of C1 to
tubulin was found to be 2.8 +−1 μM whereas curcumin bound
to tubulin with a Kd of 5.2 +− 0.8 μM indicating that C1 binds
to tubulin with a higher affinity than curcumin. C1 inhibited
tubulin polymerization in vitro. C1 (20 μM) caused 53 % inhib-
ition in polymerization whereas 100 μM curcumin caused 59 %
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Figure 8 C1 induced apoptosis in MCF-7 cells
(A) MCF-7 cells were incubated without and with C1 (3 and 6 μM) or curcumin (6 μM) for 48 h. Then, the cells were stained
with Annexin V FITC and propidium iodide and analysed using flow cytometry. The quadrants represent (Q1: Necrotic, Q2:
Late apoptosis, Q3: Live, Q4: Early apoptosis). Curcumin (6 μM) was taken for comparison. One of the four experiments
is shown. (B) C1 cleaved PARP (125 kDa). MCF-7 cells were incubated without or with C1 (3 and 6 μM) for 24 h. Shown
is one of the blots from three experiments.

inhibition of tubulin polymerization [18]. In addition, C1 signi-
ficantly reduced the GTPase activity of tubulin. C1 depolymer-
ized microtubules in MCF-7 more efficiently than curcumin and
also inhibited the reassembly of microtubules in MCF-7 cells.
The FACS analyses showed that C1 treated MCF-7 cells were

undergoing apoptosis. Though the apoptotic pathway triggered
by C1 was similar as curcumin [18,46,47], the apoptotic effect
was significantly higher in C1 treated cells than that of curcumin
treated cells. For example, ∼80 and 8 % of the MCF-7 cells were
live in the presence of 6 μM curcumin and C1 respectively. The
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Figure 9 C1 induced p53 dependent apoptosis pathway
C1 increased the localization of p53 (A) and p21 (B) into the nucleus. MCF-7 cells were incubated with vehicle and C1
(6 μM) for 24 h. The scale bar is 10 μm. (C) Effects of C1 on the expression level of p53 and p21 in MCF-7 cells. MCF-7
cells were treated with 6 μM C1 for 24 and 48 (I). In another experiment, MCF-7 cells were treated with 6 and 9 μM C1 for
24 (II). The expression level of p53 and p21 were quantified by Western blotting. The level of Bcl2 (D), Bax (E) and Mdm2
(S166) (F) were also estimated by Western blotting. Each experiment was performed three times, shown is one of them.

Figure 10 C1 inhibited the proliferation of different types of cancer cells
(A) C1 inhibited the proliferation of various cancer cells. HeLa (�), MDA-MB-231 (�), EMT6/AR1 (	), HCT116 p53+ + (�)
and HCT116 p53− − (�) cells were incubated with different concentrations of C1 for one cell cycle and sulforhodamine
B assay was performed to calculate the percentage inhibition of proliferation. (B) EMT6/AR1 cell were incubated with
different concentrations of curcumin and processed for sulforhodamine B assay. Shown is an average of three sets and
error bar represents S.D. (+−) in both cases.
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data together suggested that C1 displayed a strikingly improved
antiproliferative activity as compared with curcumin.

Structure–activity relationship
Curcumin analogues were synthesized by modifying curcumin
at the active methylene position and it has been found to be
the most potent among the analogues screened. The absorbance
of curcumin and C1 reduced by 40 +− 5 and 8 +− 1 % at 4 h in
the physiological buffer suggesting that C1 is significantly more
stable than curcumin. The presence of N-Boc group may stabil-
ize the structure by blocking an attack either by an electrophile
or a nucleophile. C1 displayed lower IC50 (1.5 +− 0.7) than C2
(26. 2 +− 2.5) in MCF-7 cells; C1 has N-Boc group instead of
an amino group as in the case of C2. The amino group in C2
may be available for a reaction with a nucleophile. Also, the ben-
zene derivative of curcumin, C3 (2.9 +− 0.35) and C4 (6.3 +− 0.20)
were more effective in inhibiting the proliferation of MCF-7 cells
than curcumin (17.1 +− 0.7). The findings suggested that the Kno-
evenagel condensates of curcumin are more potent and 10-fold
increase in the activity of C1 could be partly due to its increased
stability in solution than curcumin.

Mechanism of action
C1 disrupted the structure of microtubules and did not allow the
formation of proper microtubules. C1 significantly decreased
the α-helix content and increased the random coil and turns
in tubulin. The inhibition of tubulin assembly could be due to
the perturbed secondary structure of tubulin in the presence of
C1. In MCF-7 cells, a brief exposure (30 min) of C1 caused a
significant depolymerization of the interphase microtubules in-
dicating that microtubules are likely to be the primary targets
of C1. A perturbation of microtubule assembly dynamics led to
various cellular defects such as transport of proteins, unfocused
mitotic spindles, mitotic block and cell death [53]. Microtubules
are also suggested to be involved in the translocation of tumour
suppressor gene p53 into nucleus [54,55] leading to the induction
of apoptosis [18,55–57]. The disruption of microtubule network
was reported to increase the nuclear translocation and expres-
sion of p53 and p21 [48]. C1 treatment modestly increased the
level of p53 expression. However, it strongly increased the nuc-
lear translocation of p53. The increased nuclear translocation of
p53 induced apoptosis in MCF-7 cells. Further, C1 inhibited the
proliferation of HCT 116 p53− − and HCT 116 p53+ + cells
with an IC50 value of 2.3 +− 0.7 and 1.2 +− 0.3 μM, respectively
supporting the suggestion that p53 is involved in mediating ap-
optosis in C1 treated MCF-7 cells. Though, an alternative cell
death mechanism was activated in HCT 116 p53− − cells upon
C1 treatment, which caused the inhibition of the proliferation
of HCT 116 p53− − cells. In addition, C1 altered the expres-
sion of various p53 dependent apoptotic proteins such as Bax
and Bcl2. The master regulator of p53 activity, Mdm2 (S166),
was found to be down regulated in the presence of C1. Upon
phosphorylation by AKT/PI3K, Mdm2 is known to enter into the
nucleus and to regulate the activity of p53 [52,58–60]. It might

be possible that C1 in addition to targeting microtubules also tar-
gets the AKT/PI3K and induces apoptosis as suggested earlier
for curcumin [61,62]. Therefore, it is difficult to rule out the
possibility of other cellular targets for C1; however, the results
suggested that microtubules are the major targets of C1.

CONCLUSION

In the present study, we have identified a highly potent curcumin
analogue, C1. The compound disrupted microtubules and induced
p53 dependent apoptotic cell death in MCF-7 cells. C1 could
target various cancer cells at low concentration suggesting that
the compound may have a strong anticancer potential.
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