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ABSTRACT: Although curcumin is known for its anticarcino-
genic properties, the exact mechanism of its action or the
identity of the target receptor is not completely understood.
Studies on a series of curcumin analogues, synthesized to
investigate their tubulin binding affinities and tubulin self-
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assembly inhibition, showed that: (i) curcumin acts as a bifunctional ligand, (ii) analogues with substitution at the diketone and
acetylation of the terminal phenolic groups of curcumin are less effective, (iii) a benzylidiene derivative, compound 7, is more
effective than curcumin in inhibiting tubulin self-assembly. Cell-based studies also showed compound 7 to be more effective than
curcumin. Using fluorescence spectroscopy we show that curcumin binds tubulin 32 A away from the colchicine-binding site.
Docking studies also suggests that the curcumin-binding site to be close to the vinblastine-binding site. Structure —activity studies
suggest that the tridented nature of compound 7 is responsible for its higher affinity for tubulin compared to curcumin.

B INTRODUCTION

Tubulin is an essential eukaryotic protein that plays critical
roles in cell division and is an established target of anticancer drug
development. This interest in tubulin as a chemotherapeutic
target has initiated the investigation of the molecular nature of
tubulin—drug binding sites. Because a significant number of
anticancer drugs are antimicrotubule agents, new antimitotic
natural products are continuously being discovered and consid-
ered for cancer chemotherapy. Although these drugs are struc-
turally diverse,' often they employ a common mechanism of
action and, surprisingly, nature has repeatedly validated tubulin
as a drug target.” Both taxol and vinblastine show unique clinical
utilities. However, in both the cases resistance is exhibited by
cancer cells at the later stages of treatment.>* Furthermore, both
drugs have significant toxicity and other side effects on human
physiology.> Interestingly, there is compelling evidence from
epidemiological and other experimental studies that highlight the
importance of many dietary agents such as soyaisoflavone,
resveratrol, genistein, napthoquinone plumbagin, and curcumin
in reducing the risk of cancer and inhibition of the development
and spread of tumors in experimental animals.®” The advantage
of using such compounds for cancer treatment is their relatively
nontoxic nature and availability in an ingestive form.®

Curcumin, a phytochemical known for its medicinal proper-
ties, is currently in phase II clinical trials in patients with advanced
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pancreatic cancer.” Originally isolated from the rhizomes of
Curcuma longa, curcumin is characterized by a wide range of
medicinal properties like antibacterial, antifungal, antiviral, anti-
oxidative, anti-inflammatory, and antiproliferative.10 In addition
to its broad range of bioactivities, curcumin is also known for its
stron% cancer preventive activity against a wide range of tumor
cells'’ and prevention of tumor initiation, promotion, metastasis,
and angiogenesis in experimental animal systems.'”'> An im-
portant mechanism by which curcumin inhibits tumorigenesis is
by suppressing oncogenic cell proliferation by inducing apoptosis
and arresting cell cycle progression.'® Recently, curcumin has
been shown to arrest cancer cells in the G2-M phase mainly by
altering the expression of many crucial genes responsible for the
G2-M transition."* Curcumin is also known to cause mitochon-
drial damage and activate both caspase-dependent and caspase-
independent apoptosis in various cancer cell lines.'>'® Through
rigorous screening processes and preclinical studies, curcumin
has emerged as a potential new chemopreventive agent due to its
wide range of anticancer activity and, especially, the absence of
any associated toxicity even at high concentrations.'”"” As a
multitarget molecule, a long list of targets/receptors for curcu-
min has been reported.10 For example, it was suggested that
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Table 1. Spectral Properties, Physical Characteristics, and Half Maximum Polymerization Inhibition Value of Different Curcumin

Analogues
Compd Structure Chemical name Absorbance | Half maximum
maxima polymerization
(nm) inhibition value
(kM)
1 o 0 Curcumin 427 20
HacOMOC“B
HO OH
N=O
2 HaCO. ! OCH, Isoxazole ) 333 26
I j SN 1 :I analog of curcumin
HO OH
3 N—NH Curcumin pyrazole 327 23
HaCOMOCHs
HO OH
4 E N-(4-Fluorophenylpyrazole) 332 34
@ curcumin
N—N
H:aCZMOCHz
H OH
5 NO; N-(3-Nitrophenylpyrazole) 334 36
curcumin
6 OCHg N-(4-Methoxyphenylpyrazole) | 332 38
curcumin
0 0 -(4- 23-
7 HyCO 0CH, 4-(4 Hydroxy 3 metl}oxy 370 16
benzylidene) curcumin
HO ’QCH oH
HO
OCHj
8 o 0 Di-O-acetylcurcumin 413 60
HGCOMOCHS
|
AcO OAc
9 (6] 3-phenylprop-2-enoic acid 273 ----
10 (0] 3-(3,4-dimethoxyphenyl) 284 -
MeODMOH prop-2-enoic acid (MeOH)
MeO
11 o 3-(3,4-dihydroxyphenyl) 320 ---
Ho:|(\;‘/§)J\OH prop-2-enoic acid (MeOH)
HO
12 OH (@) 3-(2-hydroxyphenyl) 321 -
@/MOH prop-2-enoic acid (MeOH)
13 OH o) 3-(2,4-dihydroxyphenyl) 319 ---
/©/VI\OH prop-2-enoic acid (MeOH)
HO

curcumin directly inhibits IKK and the 26S proteosome to block
NE-xf3 activation.'® This conclusion was drawn on the basis of
cell-based studies with no report of in vitro purification of the
target or the receptor.18

Recently, Gupta et al. have shown that curcumin inhibits HeLa
and MCEF-7 cell proliferation, disrupts microtubule assembly in
vitro, reduces GTPase activity, and partially inhibits colchicine’s

binding activity,'® strongly suggesting that curcumin interacts
with dimeric tubulin or microtubules. More recently, Banerjee
et al. from the same laboratory reported that curcumin sup-
presses the dynamic instability of microtubules in MCE-7 cells.*
The microtubule network in eukaryotic cells is an essential
component of the cytoskeleton and plays a pivotal role in a
variety of cell signaling events.”' A large number of antimitotic
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Figure 1. Fluorescence spectra of different curcumin analogues in
presence of tubulin. The complexes were excited at their characteristic
wavelength maxima, which were 330 nm for compounds 2—6, 427 nm
for curcumin and compound 8, and 370 nm for compound 7.

drugs bind tubulin or microtubules at one of the three character-
ized tubulin ligand sites: taxol, colchicine, and vinca-binding
sites.”” Each site can accommodate compounds with very
different structures.”> Among the three binding sites, taxol-site
binding drugs possess a unique ability to induce microtubule
assembly. Therefore, as an inhibitor of microtubule assembly,
curcumin cannot be a likely candidate for the taxol-binding site of
tubulin. Rather, curcumin probably targets one of the remaining
two sites or a unique new site. Gupta et al. also reported that
colchicine and podophyllotoxin partly inhibited the binding of
curcumin to tubulin, while vinblastine had no effect on the
curcumin—tubulin interaction.'” Curcumin is a symmetric bi-
dented ligand containing two @,3-unsaturated-diketone moieties
flanked by 4-hydroxy-3-methoxyphenyl groups (Table 1). These
diketones at the middle and the hydroxyl group at the two
terminal phenyl rings are res:Ponsible for the instability of
curcumin in aqueous solution.>* To probe the effect of perturb-
ing the structure and chemical nature of curcumin on curcumin-
binding to tubulin, we synthesized a number of curcumin
analogues (compounds 2—13; Table 1) and examined their
binding with purified tubulin. These included curcumin and its
analogues with an isoxazole ring compound 2, a pyrazole ring
compound 3, and substituted pyrazole ring, compounds 4—6, in
place of the dicarbonyl moiety, and a 4-hydroxy-3-methoxyphe-
nyl in between the dicarbonyl moiety compound 7. We also
synthesized an analogue where the phenolic groups in the
terminal rings are acetylated compound 8, and a number of
single ring-curcumin analogues, compounds 9—13. Screening of
the synthesized compounds, by determining their binding affi-
nity for tubulin, their capacity to inhibit tubulin self-assembly,
and cell-based study using fluorescence microscopy, has been
performed. The thermodynamic parameters associated with
curcumin and compound 7 binding to tubulin have been
determined using isothermal titration calorimetry (ITC) and
different fluorescence techniques. Fluorescence resonance en-
ergy transfer (FRET) was observed between colchicine and
curcumin when colchicine—tubulin complex was titrated with
curcumin. Analysis of FRET results showed that curcumin binds
tubulin at some unique position located about 32 A away from
the colchicine-binding site. A detailed comparison of interactions
of curcumin and the curcumin analogues with tubulin allowed us
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Figure 2. Plot of log[(F, — F)/F] against log [Q] derived from the
quenching of tubulin by compound 7 and curcumin respectively
(Quencher in the plot). The equation of the fitted line is also shown.

to pinpoint the structure—function relationship of the curcu-
min—tubulin interaction. In addition, using molecular modeling
and FRET, we attempt to understand the relationship between
the curcumin-binding site of tubulin and two other canonical
drug-binding sites on tubulin—colchicine and vinblastine.

B RESULTS

Binding of Curcumin Analogues to Tubulin Promote Drug
Fluorescence. One of our main objectives was to synthesize
various analogues of curcumin that would exhibit a higher affinity
toward tubulin, thus enhancing the inhibitory activity of curcu-
min against cancer cell proliferation. Toward this goal, three
types of curcuminoids® were synthesized: (i) isoxazole deriva-
tive of curcumin, compound 2, (ii) pyrazole derivatives of
curcumin, compounds 3—6, and (iii) a benzylidiene derivative
of curcumin, compound 7. Apart from these, we also synthesized
a di-O-acetyl derivative of curcumin, compound 8. Binding of
curcumin and its derivatives with purified tubulin was studied
using fluorescence. Fluorescence spectra (Figure 1) of tubulin-
bound curcumin analogues showed that curcumin and its two
analogues, compounds 7 and 8, exhibit fluorescence emission at a
much higher wavelength compared to other analogues. These
three compounds possess an extended sr—electron delocaliza-
tion system and exhibit characteristic emission maxima near
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Figure 3. Calorimetric titration of curcumin and its half analogue
compound 10 with tubulin. ITC data obtained from 2$ injections of
10 uL aliquots of curcumin into 0.030 mM tubulin in 50 mM PIPES
buffer (pH 7.0). The heat evolved per mol of curcumin against the molar
ratio (ligand:tubulin) for each injection has been plotted.

Table 2. Thermodynamics of Tubulin—Curcumin Binding at
30 °C

parameter value (standard deviation)
N (drug:protein stoichiometry) 0.62 & 0.01
K, (binding constant, M) 45404 x 10°
AH (binding enthalpy, kcal/mol) —6.62 £ 0.18
AS,.: (entropy change, cal/mol.K) 4
ASqop, (cal K" mol™") 132.8
AScons (cal K" mol ™) —120.8
AS, /¢ (cal K" mol™") -8
AG (Free energy change, kcal/mol) —7.88

500 nm when bound to tubulin. The remaining curcumin
analogues exhibit characteristic fluorescence maxima near 400 nm.
These are basically pyrazole, isaoxazole, and N-(substituted) phe-
nylpyrazole curcumin (Table 1). The substitution in the diketone
group in these molecules produces structural alterations that hinder
extended conjugation, therefore resulting in a blue-shift in the
absorption maxima.

Determination of Binding Constant and Thermody-
namics. Affinity constants of compound 7 and curcumin toward
purified tubulin were determined from fluorescence-monitored
drug—tubulin titration using a modified Stern—Volmer equation
(Figure 2). Compound 7 was characterized by a binding affinity
(K, =2.5 x 10° M) toward tubulin that was five times higher
compared to curcumin (K, = 5.01 X 10° M '). To decipher the
nature of the interaction of curcumin with tubulin, curcumin—
tubulin binding was further studied using ITC. Figure 3 shows
the fitted titration data of tubulin with curcumin in PEM bulffer at
30 °C. The associated thermodynamic parameters (AG, AH,
and AS) are presented in Table 2. The addition of curcumin
resulted in an exothermic ligand binding event with an associa-
tion constant of 4.5 x 10° M ', compatible to the value obtained
from the fluorescence data. We could not measure the binding
constant between compound 7 and tubulin using calorimetery
due to the poor solubility of compound 7 in aqueous solution.
The tubulin—curcumin binding is characterized by simulta-
neous participation of favorable van der Waals (negative AH)
and hydrophobic interactions (positive AS). The heat capacity
change at constant pressure (AC,) was also determined using
Kirchoff’s equation as AC, = dAH/dT. A plot of enthalpy change
(AH) of curcumin—tubulin binding as a function of temperature

Table 3. Heat Capacity Change of Tubulin—Curcumin
Interaction

AH AS ACp
temperature (K) (calmol™) (call K 'mol™") (cal K' mol™")
293 —1154 20.7 —554.6
298 —5917 7.4
303 —6624 4

yielded AC, = —554.6 cal/(mol K) (Table 3). In general, AC, is
negative for drug—protein and protein—protein interactions.
This hag)épens due to the removal of water from the protein
surface.”™ A negative value of AC,, associated with curcumin
binding, indicates a surface—surface interaction between the
protein and the drug. Calorimetric titration also revealed that
half-curcumin analogues, compounds 9—13, do not bind to
tubulin. The entropic contribution associated with the binding
reaction can be expressed as the sum of three terms.””

ASr = ASeoly + AScone + ASr/t (l)

where AS,,, describes the change in entropy resulting from
solvent release upon binding, the AS_., is the configurational
term reflecting the reduction of rotational degrees of freedom
around torsion angles of proteins and ligand, and AS, ; describes
the loss of translational and rotational degrees of freedom when a
complex is formed from two molecules free in solution. The
numerical value of AS,/, is always close to the critical entropy of
—8 cal K™ mol '

AS,, can be expressed at a given temperature (T) by
following equation.

T
Assolv - ACP In <T’S*) (2)

Where, T* is the temperature at which there is no solvent
contribution to the hydrophobic entropy change and is equal to
112 °C (385 K).* Using AC, = —554.6 cal/(mol K), T = 303 K,
and T.* = 385 K, a value of 132.8 cal K™ ' mol ' is obtained for
AS,.1,- The observed positive change in solvation entropy is
attributed to solvent reorganization. As a rule of thumb, desolva-
tion entropy is always favorable (positive) and is the predomi-
nant force that drives binding of hydrophobic patch mediated
protein—ligand association. Finally, the configurational entropy
AS ontis calculated from the following equation.

ASccmf = AStot - Ssolv - Sr/t (3)

The conformational entropy change is always unfavorable in
protein—ligand binding event, as the binding process involves
the loss of configurational degrees of freedom for both the drug
molecule and the protein molecule, resulting in a negative change
in conformational entropy. The unfavorable effect can be mini-
mized by introducing conformational constraint in the drug
molecule.*® For curcumin—tubulin binding, the change in con-
formational entropy is —120.8 cal- K~ " mol . The large change
in conformational entropy is attributed to the flexible nature of
curcumin. It is evident from the above discussion that the
unfavorable conformational entropy change is overcompensated
by a large favorable solvent contribution that leads to a small
entropic gain.

Inhibition of Tubulin Polymerization by Curcumin Analo-
gues. Curcumin and its analogues effectively inhibit the self-
assembly of tubulin, with half-maximum polymerization inhibition
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Figure 4. Inhibition of proliferation and induction of apoptosis in the cultured A549 and HeLa cells upon treatment with curcumin and compound 7.
(A) Loss of viability of A549 cells with the increasing concentrations of curcumin and compound 7 (0—50 #M), when incubated for 48 h. Cell viability
was assessed by MTT assay. (B) Loss of viability of HeLa cells with the increasing concentrations of curcumin and compound 7 (0—S0 M), when
incubated for 48 h as assessed by MTT assay. Data are represented as mean &= SEM (*P < 0.05) (untreated cell) vs treated cells where n = 4. (C) Dot plot
representation of Annexin-V-FITC-fluorescence (x-axis) vs PI-fluorescence (y-axis) of the apoptotic AS49 (Annexin-V positive) cells, treated with
curcumin and compound 7 (0—5 M) for 48 h. (D) Dot plot representation of Annexin-V-FITC-fluorescence (x-axis) vs PI-fluorescence (y-axis) of the
apoptotic HeLa (Annexin-V positive) cells, treated with curcumin and compound 7 (0—S uM) for 48 h.

values ranging from 16 to 60 M. We estimated the half-maximum
polymerization inhibition values by studying the concentration
dependent inhibition behavior of each drug against tubulin self-
assembly (Figure S1, Supporting Information 1). Compound 7 was
found to be the most effective in inhibiting tubulin polymerization
with a half-maximum polymerization inhibition value of 16 £ 1 uM,
whereas the half-maximum polymerization inhibition value of
curcumin and compound 8 were 20 £ 1 and 60 £ 2 uM,
respectively (Table 1). These three compounds (curcumin, com-
pounds 7 and 8) were also spectroscopically alike (and different
from the others) in terms of their absorbance and fluorescence A,
(Figure 1). The half-maximum polymerization inhibition values
seem to increase when the diketone group of curcumin is modified
leading to the breakdown of the extended conjugation across the
molecule. (Table 1)

Cell-Based Study to Compare Potency of Curcumin and
Compound 7. Inhibition of Cell Proliferation and Delay Release
of Cells from Mitotic Block. The effect of curcumin and its
analogue, compound 7, on proliferation of human lung epithe-
lium cancer (A549) cells and human cervical cancer (HeLa) cells
was assessed by MTT assay (described in Experimental Meth-
ods). The dietary antioxidant curcumin, and its analogue, com-
pound 7, inhibited the proliferation of the AS49 and HeLa cells
after 48 h of incubation, in a concentration-dependent manner.
From the results of the MTT assay, it was found that compound
7 was much more effective than curcumin. When treated with
curcumin the ICs, (50% inhibitory concentration) value for
AS49 was around 17 £ 1.6 uM, while for the HeLa cells, it was
around 18 £ 1 uM, respectively. On the other hand, when the
cells were treated with compound 7, ICs, value for AS49 was
around 7 £ 0.4 uM, while for the HeLa cells, it was around

6187

6 £ 0.8 uM, respectively (Figures 4A,B). To investigate whether
treatment of curcumin and its derivative, compound 7, resulted
in a G,/M block in cell cycle, we first performed the cell cycle
analysis with the HeLa cells, being treated with 5 #M of both the
compounds for 24 h. No blockages of the cell cycle progression in
the treated HeLa cells were observed in the G,/M phase (data
not shown). This result is consistent with that observed and
reported by Banerjee et al,*® where it was reported that treat-
ment with curcumin does not cause any cell cycle arrest in the
MCE-7 cells but potentially inhibits the release of the cells from
the mitotic block induced by nocodazole.”® To check whether
compound 7 also inhibits the release of cells from mitotic
phase of the mammalian cells induced by nocodazole, cell cycle
analysis of the nocodazole treated HeLa cells was performed in
the presence of both curcumin and compound 7 (Figure S2,
Supporting Information). The HeLa cells were treated with
nocodazole (1.5 uM) for 20 h, which resulted in their accumula-
tion in the M phase of the cell cycle. Then the cells were washed
with fresh medium and subsequently incubated in medium with
and without curcumin and compound 7 (S M each) separately.
Nocodazole treatment resulted in the accumulation of 38% of the
cells in the G,/M phase, while in the untreated cells the mitotic
population was only 6%. After the removal of the nocodazole
containing medium, and incubation in the fresh medium for 8 h,
the G,/M population decreased to 12%, suggesting the release of
the cells from nocodazole induced mitotic block. Interestingly,
when the nocodazole treated HeLa cells were incubated in the
presence of 5 uM of compound 7 for 8 h after removing
nocodazole, 35% of the cells were found to be in the G,/M
phase of the cell cycle, but in the presence of 5 #M curcumin,
only 18% of the cells were found to be in the G,/M phase. These
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Figure S. Disruption of microtubule network in the cultured AS49 and
HeLa cells upon treatment with curcumin and compound 7. Cultured
AS49 and Hela cells were incubated in the presence of varying
concentrations of curcumin and compound 7 for 24 h. The samples
were stained for immunofluorescence using mouse monoclonal anti-a-
tubulin antibody and corresponding rhodamine conjugated (red) sec-
ondary antibody. Microtubule images of the control and treated A549
cells (A—C) and HeLa cells (D—F) were taken under a Ziess confocal
microscope (LSM 510 Meta). The results represent the best of data
collected from three experiments with similar results (n = 3).

results clearly indicated that compound 7 inhibited the release of
cells from mitotic phase induced by nocodazole much more
effectively than curcumin.

Induction of Apoptosis. To compare the abilities of compound
7 and curcumin to induce apoptosis in mammalian cancerous cell
lines, FITC conjugated annexin-V/PI assay was performed with
both A549 and HeLa cells. After 48 h of treatment, the extent of
apoptosis in both cell lines was higher in the case of compound 7
as compared to curcumin (Figures 4C,D). About 16% of cells
were found to be apoptotic (annexin-V positive) in the AS549
cells when treated with S #M curcumin for 48 h, while under
the same concentration of compound 7, about 45% of the A549
were subjected to apoptosis (Figure 4C). Similarly, treatment
of the HeLa cells with 5 M curcumin resulted in only 8% of
the apoptotic cells. But when treated with 5 M of compound
7, about 38% of the HeLa cells were found to be apoptotic
(Figure 4D).

Further, it was also found that treatment with 5 uM of
compound 7 resulted in the aberration and fragmentation of
the nuclear DNA of both A549 and HeLa cells as monitored by
the DAPI staining, but at the similar dose of curcumin, the
nucleus of the cultured cells remained unaffected (Figure S3,
Supporting Information).

Disruption of Interphase Microtubule and Morphological
Aberrations. To observe the effect of curcumin and compound 7
on the morphology of AS49 and HeLa cells, phase contrast
images of the control and treated cells were recorded after 24 h of
incubation. Phase contrast images of the treated A549 and HeLa
cells indicated that their regular morphologies were altered in a
dose-dependent fashion when incubated with compound 7. At
2.5 uM of compound 7, shrinkage of the cells were found to be
initiated after 24 h of incubation, and at a dose of 5 uM, the cells
were found to be contracted and rounded, but when the cells
were incubated with similar concentrations of curcumin, no
significant alteration of the cellular morphology was observed
(Figure S4, Supporting Information).

Curcumin

Figure 6. Effects of curcumin and compound 7 on spindle microtubules
and chromosome organization of AS49 and HeLa cells. Cultured A549
and HeLa cells were incubated in the presence of varying concentrations
of curcumin and compound 7 (0—2.5 uM) for 24 h. The spindle
microtubules were stained for immunofluorescence using mouse mono-
clonal anti-a-tubulin antibody and corresponding rhodamine conju-
gated (red) secondary antibody and the chromosomes were stained with
DAPI (blue). Images of the spindle microtubule in the control and
treated AS49 cells (A—C) and HeLa cells (D—F) were taken under a
Ziess confocal microscope (LSM 510 Meta). The results represent the
best of data collected from three experiments with similar results (n = 3).

To investigate whether compound 7 is perturbing the cellular
microtubules, and hence resulting in the cellular contraction, the
status of the interphase microtubule network in the treated AS49
and HeLa cells was monitored. Confocal microscopic studies
revealed that compound 7, but not curcumin, is effective in
disrupting the microtubule network of both the A549 and HeLa
cells in a dose-dependent fashion at a lower range of concentra-
tions. The interphase microtubules exhibited fibrous network-
like structures in the untreated AS49 cells (Figure SA), but when
incubated with 2.5 uM of compound 7, the microtubules were
completely depolymerized (Figure SC). However, when the cells
were treated with the same concentrations of curcumin, no
significant damage of the microtubule network was observed
(Figure SB).

Similar trend was observed when the HeLa cells were treated
with 2.5 uM of compound 7. Intact microtubule network, as
observed in the untreated cells (Figure SD), were found to be
distorted upon treatment with 2.5 uM of compound 7
(Figure SF), but the microtubule damage was not severe when
the HeLa cells were treated with 2.5 uM curcumin (Figure SE).
These results clearly indicated that compound 7 is a much more
potent antimicrotubule agent than curcumin.

Perturbation of Spindle Microtubule and Chromosomal
Organization. It has been reported that curcumin inhibits
mitosis and perturbs spindle microtubule organization in the
cancer cell lines (HeLa and MCF-7) at a concentration of 10—36
UM." To follow up this observation, we investigated the effect of
both curcumin and compound 7 on spindle microtubules of both
AS49 and HelLa cells at lower concentrations. In the untreated
AS49 cells, normal bipolar spindles were observed with chromo-
somes congregated in the form of compact metaphase plates
(Figure 6A). At 2.5 uM, curcumin showed no significant effect on
spindle microtubules (Figures 6B), but when the cells were
treated with similar concentrations of compound 7, spindle
microtubules were disorganized and accompanied by misaligned
chromosomes from the metaphase plate (Figures 6C).
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Figure 7. Determination of the Forster distance for tubulin-bound colchicine and curcumin. (A) Energy transfer from tubulin-bound colchicine to
tubulin-bound curcumin. The blue curve is the emission spectrum colchicine—tubulin complex (1:1, each of § M). The excitation wavelength was the

absorbance maxima of colchicine (350 nm). The temperature was kept

at 30 °C. The green curve is the emission spectrum of the colchicine—tubulin

complex in the presence of 10 #M curcumin. (B) Energy transfer from tubulin-bound AC analogue of colchicine to tubulin-bound curcumin. (C) The

spectral overlap between the emission (A, = 350 nm) of the donor

(tubulin—colchicine complex) and the absorption spectrum of the acceptor

(tubulin—curcumin) complex, R, of 28 A, was calculated for the donor—acceptor pair.

Similar results were observed when the cultured HeLa cells
were treated with curcumin and compound 7. Treatment of the
HeLa cells with 2.5 4M of curcumin did not significantly perturb
the spindle microtubule organization (Figures 6E). However,
when the cells were treated with similar concentrations of
compound 7, perturbation of the spindle microtubules was
observed (Figures 6F).

W DISCUSSION

Although the above experimental data clearly shows that
curcumin and compound 7 bind tubulin with high affinity,
their exact binding site in tubulin still remains elusive. To gain
some insights into the possible binding site of curcumin, FRET
experiments and docking studies were performed. In addition,
structure—activity relationship (SAR) was investigated among
structurally diverse curcumin analogues.

Localization of the Curcumin-Binding Site on Tubulin
Using FRET Experiments. The weak fluorescence of colchicine
in aqueous medium becomes much stronger upon binding
to tubulin (4¢ = 350 nm, Ao, = 427 nm; Figure 7A). When

curcumin was added to a mixture of colchine-bound tubulin,
colchicine fluorescence decreased with a concomitant increase in
the fluorescence emission of curcumin (A = S00 nm)
(Figure 7A). Because binding of colchicine to tubulin is poorly
reversible, the same experiment was repeated with a colchicine
analogue, compound AC (2-methoxy-5-(2',3' 4 -trimethoxyphenyl)-
tropone), lacking the colchicine B-ring. The AC analogue binds
tubulin at the colchicine-binding site in a reversible manner
(Figure 7B, Figure SS, Supporting Information). It was observed
that the fluorescence intensity of ligand—tubulin complex decreases
and the associated tubulin-curcumin fluorescence increases more
efficiently with AC analogue as the ligand compared to when
colchicine is the ligand. There are two scenarios that can give rise
to the observed concomitant decrease of tubulin-bound colchicine/
AC analogue fluorescence and increase of tubulin-bound curcumin
fluorescence as colchicine/AC analogue-bound tubulin is titrated with
curcumin. Either both curcumin and colchicine/AC analogue bind at
the same binding site and addition of curcumin replaces colchicine/
AC analogue from the binding site into the bulk, thus reducing
their fluorescence, or curcumin binds at a binding site other than
the colchicine-binding site but quenches colchicine/AC analogue
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Figure 8. Molecular modeling of compound 7 (A) and curcumin bound tubulin (C) complex, the ligands curcumin and compound 7 (in magenta) were
placed between two a,5-heterodimers (¢ in orange, and 3 in green) and colchicine in red. (B) The local environment of compound 7 (in cyan) with a few

functionally important residues shown in blue.

fluorescence by FRET (curcumin absorbance and colchicine/AC
analogue fluorescence show significant overlap).

If the observed colchicine/AC analogue fluorescence quench-
ing indeed arises due to competitive binding between curcumin
and colchicine/AC analogue, the addition of a suitable curcumin
analogue, incapable of participating in FRET with tubulin-bound
AC analogue, would still quench the fluorescence of tubulin-
bound AC analogue. We performed this experiment with com-
pound 2 as the curcumin analogue because it exhibits insignif-
icant overlap with the emission spectrum of tubulin-bound AC
analogue, ruling out any potential FRET between the two. In
addition, unlike the parent compound curcumin, the molar
extinction coefficient of compound 2 is negligible compared to
the AC analogue above 375 nm, ruling out direct excitation. We
did not notice any fluorescence quenching (4., = 380 nm) of the
AC analogue when compound 2 was added to tubulin-bound AC
analogue (Figure S6, Supporting Information), establishing that
compound 2 (and by extrapolation, curcumin) does not bind to
the colchicine-binding site of tubulin.

Having ruled out the binding of colchicine/AC analogue and
curcumin at the same binding site, we estimated the distance
between tubulin-bound colchicine and curcumin from FRET
studies. The emission spectrum of tubulin-bound colchicine and
the absorption spectrum of curcumin show substantial overlap
(Figure 7C), making the pair amenable to FRET studies. The
characteristic Forster distance for the pair was estimated as 28 A
(using k*=2/3,n=1.336,and Qp = 0.03, the overlap integral |
was estimated as 8.5 x 10~ "* M ' cm?). Using this value of R,
(28 A), the distance between tubulin-bound colchicine and
tubulin-bound curcumin was estimated as 32 A. Strictly speaking,
donor—acceptor distance can be estimated from FRET experi-
ments by the above method only when the acceptor shows no
absorption at the A.,. In our case, curcumin shows a shoulder at
Aex (350 nm). To circumvent this problem, we also estimated the
FRET efficiency for the colchicine—curcumin pair using an
alternate method that can exclude artifacts arising from the
overlap between acceptor and donor absorption spectra.”’ The
estimated energy transfer efficiency (20%) was close to that
obtained using the direct method.
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In summary, using FRET measurements, we have shown
that curcumin and its analogue, compound 2, do not bind tubulin
at the colchicine-binding site. The binding site is about 32 A
away from the colchicine-binding site. Among other canonical
binding sites on tubulin, the vinblastine-binding site approxi-
mately satisfies this distance constraint. Unfortunately, we failed
to perform any direct binding assay (competition experiment)
between curcumin and vinblastine as both the ligands induce
tubulin aggregation (data not shown).

Molecular Modeling of Compound 7 Binding Site on
Tubulin. FRET experiment clearly showed that curcumin binds
tubulin about 32 A away from the colchicine-binding site. To
confirm the FRET results, molecular docking was performed to
locate the probable binding site of compound 7 on tubulin.

In the docked structure, compound 7 binds at the interdimer
interface, between the a and the 3-subunits of two a,3-dimers,
close to the vinblastine binding site (Figure 8A). Residues 96—98
from the 3-subunit and 251—256 from the a-subunit constitute
the binding site. The pocket also contains H3'-helix (residues
105—110), T4 and TS loops (residue 130—133 and 163—165),
and the end of helix H11’ (residues 407—411).>* The long-
itudinal contacts between neighboring monomers in a micro-
tubule are mostly mediated through residues 251—256 (end of
T7 loop and the beginning of H8 helix).** Both the TS and T7
loops are highly dynamic in nature and can accommodate a
variety of ligands by changing their conformational state. Tubulin—
compound 7 interaction is mainly stabilized by van der Waals
contacts, although the involvement of hydrophobobic stacking
interactions between the phenyl ring of compound 7 and the
aromatic rings of 5-Trp 407 was also observed (Figure 8B).
Interestingly, the calculated distance (34 A) between colchicine
and compound 7 is quite close to the experimentally determined
distance (32 A). Molecular modeling of curcumin on tubulin
also reveals that both curcumin and compound 7 shares a close
binding site. (Figure 8C)

Structure—Activity Relation of Curcumin—Tubulin Inter-
action. Curcumin is a flexible molecule, consisting of two
polyphenol rings connected to the ends of an a,-unsaturated
diketone moiety. The substitution of diketone with isoxazole,
pyrozole, and substituted pyrozole produced compounds that
showed weaker (than curcumin) inhibition behavior against
tubulin polymerization, consistent with cell-based studies (data
not shown). These results indicate that the diketone moiety
participates in the binding interaction between curcumin and
tubulin. The interaction between different curcumin analogues
and tubulin has been studied using calorimetric as well as
fluorescence spectroscopic techniques. The binding study by
fluorescence spectroscopy identified two distinct groups within
curcuminoids. Both compounds, 7 and 8, have free diketone
moieties and show structural resemblance with curcumin. To-
gether, they also show a characteristic emission maxima at a much
higher wavelength compared to the rest of the analogues.
Additionally, compound 7, which has a substituted polyphenol
ring in between the dicarbonyl moiety, was found to be most
effective in inhibiting tubulin self-assembly (half-maximum po-
lymerization inhibition value 16 #M) and bound tubulin with a
higher affinity compared to the parent compound curcumin
(half-maximum polymerization inhibition value 20 uM). It is
possible that the extra steric hindrance caused by the substitution
of a polyphenol in between the diketones in compound 7,
compared to curcumin, makes compound 7 more conformation-
ally constrained. As a result, compound 7 binding to tubulin is

associated with less conformational entropy loss than binding of
curcumin to tubulin. Substitution of a polyphenol ring in
between the diketones also produces a tridentate molecule that
can be anchored to tubulin with higher affinity. It is interesting to
note that acetylation of the phenolic groups at the two termini of
compound 8 produced an analogue which was less effective in
inhibiting tubulin self-assembly (half-maximum polymerization
inhibition value 60 uM), indicating their participation during
binding to tubulin. The structure—activity relationship studies
also emphasize the role of the diketone and the phenolic OH
groups in compounds with biological activity. The half molecules
of curcumin (compounds 9—13) were inactive in binding
tubulin as revealed by ITC, indicating that curcumin acts as a
bifunctional ligand when it binds to tubulin. Recently, Qui et al.
have shown'® that arylidene curcumins are more potent antic-
ancer agents than curcumin. These drugs are reported to inhibit
TNF-a mediated NF-k/3 activation. Our observations reveal that
curcumin and benzylidene analogues of curcumin target tubulin
in both in vitro as well as in cell culture experiments. Compelling
evidence are available regarding the role of microtubules as an up-
regulator of TNF-o mediated NF-x/3 signal transduction and
gene expression.>* It is known that microtubule depolymeriza-
tion triggers deactivation of NF-k/3 signal transduction, suggest-
ing that by blocking tubulin polymerization, curcumin analogue
can deactivate the NF-xf8 mediated signal transduction
pathway.*® The data presented here comprehensively show that
curcumin analogues arrest cancer cell proliferation by binding to
tubulin.

Il CONCLUSION

In this report, we have established that tubulin is one of the
targets of curcumin and elucidated the SAR between tubulin and
curcumin derivatives. The binding site of curcumin in tubulin has
been ascertained from both experimental and modeling studies.
In summary, the enhanced activity of the benzylidene analogues
of curcumin is attributed to their higher binding affinity toward
tubulin. Further modifications of benzylidene analogues may
lead to alterations in their binding affinity and associated anti-
cancer activity.

B EXPERIMENTAL METHODS

Piperazine-N,N'-bis(2-ethanesulphonic acid) (PIPES), guanosine-5'-
triphosphate (GTP), ethylene glycol-bis(/3-aminoethyl ether) N,N,N/,
N'-tetraacetic acid (EGTA), PMSF, demcolchicine, and vinblastine
were purchased from Sigma Chemical Co. All other reagents were of
analytical grade.

Chemistry. Synthesis of Compounds 1—13. All reagents and
solvents used were purchased from the best available commercial
sources. Melting points were determined with Barnstead electrothermal
apparatus and are uncorrected. Mass spectra were recorded on Micro-
mass LCT kc 436 mass spectrometer using a Waters 1525 binary pump.
All compounds were more than 99% pure as determined by Shimadzu
LC-20AT HPLC system (Figure S7, Supporting Information). The
HPLC analyses were performed on Phenomenex C;g column (250 mm
X 4.6 mm, S um). The optimum HPLC separation was achieved on
isocratic mode with a mobile phase composed of methanol, acetonitrile,
and 0.6% acetic acid aqueous solution (25:20:55, v/v/v) at a flow rate of
0.5 mL min~". "H and *C NMR spectral analyses were performed on
Bruker Avance 300 MHz spectrometer with tetra-methylsilane as the
internal standard (0 ppm). The following abbreviations were used to
explain the multiplicities: s, singlet; d, doublet; t, triplet; dd, double
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Scheme 1. Synthesis of Cinnamic Acids from Acetic Acid and Substituted Benzalaldehydes (Ila—b, Illc—e)”

R, Ry
Ry CHO R, CH=CH—COOH
+ CHsCOOH 1,2,3,4
R3 Rs
Re Rs
I I
Reactant R1 R2 R3 R4 Product R1 R2 R3 R4
a H H H H a H H H H
b H OCH;OCH; H b H OCH;OCH; H
d OCH; H H H d OCH; H H H
e OCH3 H OCH; H e OCH3 H OCH; H
Ry
Ry
R2 CH=CH—COOH
5 Ry CH=CH—COOH
Rs
R3
Ry
1 Re
Reactant R1 R2 R3 R4 Product RI R2 R3 R4
b H OCH; OCHjy H c H OH OH H
d OCH; H H H d OH H H H
e OCH3 H OCH; H e OH H OH H

“ Reagents and Conditions: (1) BBr3, benzene, $5—65 °C, S—6 h; (2) 4-DMAP, pyridine, NMP, 20—30 °C; (3) substituted benzaldehyde, 180—190 °C;

(4) 20% HCJ; (5) BBr;/DCM, —78°C to tt.

doublet; m, multiplet, brbroad. Solvents and reagents were purified
according to standard laboratory techniques.

Synthesis of Curcumin Analogues (1—8). The detailed synthetic
methods of curcumin analogues 1—8 are reported by us in our earlier
publication.”®

Synthesis of 3-Phenylprop-2-enoic Acid (9). Anhydrous acetic acid
(6.3 mL, 0.1089 M) was added to a 100 mL three-necked round-
bottomed flask equipped with thermometer and water cooled reflux
condenser. Boron tribromide (2.2 mL, 0.022 M) in anhydrous benzene
(5 mL) was gradually added to the above solution in 30 min at 0—4 °C.
The reaction mixture was allowed to stir for an hour at room tempera-
ture and further for 5—6 h at 55—65 °C to expel hydrogen bromide gas.
When the gas emission ceased, a solution of triacetyl borate in benzene
and acetic acid was obtained. Benzene and acetic acid were distilled off
from the reaction mixture. The resulting residue was cooled to
20—30 °C, and DMAP (1.3 g, 0.01M), pyridine (2.412 mL, 0.03M),
and NMP (2 mL) were added successively while stirring. Benzaldehyde
(Ta) (2.03 mL, 0.02 M) was then added to this reaction mixture
containing triacetyl borate, which was stirred for 5 min followed by
refluxing for 12 h. The resulting mixture was diluted with water
(70—80 mL) and pH of the solution adjusted to 9—10 with 20% NaOH
solution. The unreacted benzaldehyde was removed by distillation with
water under vacuum (30—40 mm of Hg). Water was added to the resulting
residue and cooled to room temperature, stirred, and filtered. The filtrate
was brought to pH 1—2 with 20% HCl solution to precipitate out cinnamic
acid. The filtrate was stirred for 2 h at 0—4 °C. The product was filtered,
washed with ice-cold water (15—20 mL), and dried to yield crude cinnamic
acid (IIa). The crude product was recrystallized from hot water (yield 1.93 g,
65%; mp 132—135 °C (Scheme 1)).%

Synthesis of 3-(3,4-Dimethoxyphenyl)prop-2-enoic Acid (10). In

situ generated triacetyl borate, as synthesized above, in benzene and

6192

acetic acid was cooled to 20—30 °C and DMAP (1.3 g, 0.01 M), pyridine
(2412 mL, 0.03M), and NMP (2 mL) were added to it while stirring. To
the above mixture, 3,4-dimethoxybenzaldehyde (Ib) (3.32 g, 0.02 M)
was added stirred for 5 min. Benzene and acetic acid were removed by
distillation from the reaction mixture. The residue was heated at
180—190 °C for 9 h and was further subjected to the series of treatments
described earlier for 9 to obtain crude 3,4-dimethoxycinnamic acid (IIb).
Recrystallization from hot water yielded pure compound (yield 2.08 g,
50%; mp 181—183 °C (Scheme 1)).

Synthesis of 3-(3,4-Dihydroxyphenyl)prop-2-enoic Acid (11). 3,4-
Dimethoxycinnamic acid (IIb) (0.0624 g, 0.3 mM) was dissolved in dry
dichloromethane (3 mL) and cooled to —78 °C. A solution of BBr; in
DCM (1 M) (2.0 mL) was added dropwise to the above solution. After
the addition was over, the reaction mixture was brought to room
temperature and stirred for 24 h. The reaction mixture was diluted with
ethyl acetate and its pH was adjusted to ~8 with aqueous NaOH, and
the layers were separated. The organic layer was washed with water and
brine solution, dried over anhydrous Na,SO,, and vacuum evaporated.
The crude product was further purified by column chromatography
using silica gel (60—120 mesh size) with a 1:S mixture of ethyl acetate
and hexane to give of caffeic acid (Illc) (yield 1.60 g, 44%; mp
223—225 °C (Scheme 1)).

Synthesis of 3-(2-Hydroxyphenyl)prop-2-enoic Acid (12). DMAP
(1.3 g 0.01M), pyridine (2.412 mL, 0.03 M), and NMP (2 mL) were
added to triacetyl borate generated in situ in benzene and acetic acid
(described for ITa) at 20—30 °C. 2-Methoxybenzaldehyde (1d) (2.72 g,
0.02 M) was added to the above mixture and stirred for S—10 min,
followed by distillation of benzene and acetic acid from the system. The
resulting residue was heated at 180—190 °C for 9 h and was further
subjected to the series of treatments described for Ila to obtain
2-methoxycinnamic acid (IId). The crude product was recrystallized
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from hot water with a melting point of 182—186 °C. 2-Methoxycin-
namic acid (IId) (0.0534 g, 0.3 mM) thus synthesized was subjected to
demethylation as described earlier for IIlc to obtain of 2-hydroxy
cinnamic acid (IIId) (yield 1.80 g, 54%; mp 217 °C, (Scheme 1)).

Synthesis of 3-(2,4-Dihydroxyphenyl)prop-2-enoic Acid (13). To a
solution of triacetyl borate (generated in situ) in benzene and acetic acid
(as described for (IIa) at 20—30 °C, DMAP (1.3 g, 0. 01 M), pyridine
(2412 mL, 0.03 M), and NMP (2 mL) were added. 2,4-Dimethoxy
benzaldehyde (Ie) (3.32 g, 0.02 M) was added to it, and the system was
stirred for S—10 min. This reaction mixture was then subjected to the
ste