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ABSTRACT: Curcumin, derived from rhizomes of the Curcuma longa plant, is known to
possess a wide range of medicinal properties. We have examined the interaction of curcumin
with actin and determined their binding and thermodynamic parameters using isothermal
titration calorimetry. Curcumin is weakly fluorescent in aqueous solution, and binding to actin
enhances fluorescence several fold with a large blue shift in the emission maximum. Curcumin
inhibits microfilament formation, which is similar to its role in inhibiting microtubule
formation. We synthesized a series of stable curcumin analogues to examine their affinity for
actin and their ability to inhibit actin self-assembly. Results show that curcumin is a ligand with
two symmetrical halves, each of which possesses no activity individually. Oxazole, pyrazole, and acetyl derivatives are less effective
than curcumin at inhibiting actin self-assembly, whereas a benzylidiene derivative is more effective. Cell biology studies suggest
that disorganization of the actin network leads to destabilization of filaments in the presence of curcumin. Molecular docking
reveals that curcumin binds close to the cytochalasin binding site of actin. Further molecular dynamics studies reveal a possible
allosteric effect in which curcumin binding at the “barbed end” of actin is transmitted to the “pointed end”, where conformational
changes disrupt interactions with the adjacent actin monomer to interrupt filament formation. Finally, the recognition and
binding of actin by curcumin is yet another example of its unique ability to target multiple receptors.

Actin is a highly conserved cytoskeletal protein involved in
maintaining the integrity of a cell’s architecture, mediating

signal transduction to regulate cell shape, growth, and motility,
and generating mechanical forces within the cell.1−3 The actin
network of eukaryotic cells undergoes drastic changes and
remodeling during cell division.4 Such regulation of the actin
cytoskeleton and cell cycle progression appears to be
interconnected. Actin and tubulin are contractile proteins that
are similar in many respects; they both maintain dynamic
equilibrium with their respective polymers inside the cell. These
dynamic equilibriums control cell division, growth, motility,
signaling, and the development and maintenance of cell shape.5

Tubulin and microtubules are established targets of anticancer
drug development.6,7 The interest in tubulin as a chemo-
therapeutic target has initiated investigations into the molecular
nature of tubulin/drug interactions. There are a significant
number of structurally diverse anticancer drugs that function as
anti-microtubule agents and possess a common mechanism of
action. Surprisingly, no actin-targeted inhibitor has yet been
developed as a chemotherapeutic drug for clinical use.
Nevertheless, like tubulin, actin also plays an important role
in cell division. Moreover, involvement of the actin
cytoskeleton has been implicated in the process of apoptotic
cell death.8 It has also been well established that the actin
cytoskeleton plays a crucial role in mediating signal trans-

duction between intracellular and extracellular compartments.9

Recently, work in the field of actin and its regulatory proteins
demonstrated that they could be selectively targeted in cancer
chemotherapy.10−12 Experimental data suggest that increased
levels of soluble actin and decreased levels of polymerized actin
are early events in tumorigenesis.11 Measurement of the relative
levels of the two forms of actin, monomeric and polymeric, in
cells might be important for indentifying the individuals at risk
for certain cancers.11 A significant number of effective and
structurally diverse compounds have been discovered from
natural sources that are capable of modulating actin polymer-
ization and dynamics, often through unique mechanisms.13

Among these molecules, cytochalasins have been extensively
studied and act on actin to disrupt filamental organization in
cells.14 In addition, latrunculins, which are natural marine
products, can bind to actin and disrupt its organization in a
wide variety of cells.15 These molecules specifically bind to
actin filaments, effectively inhibiting cell proliferation.15

However, it is worth noting that the mechanism of action for
many of these drugs is still unknown.
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Curcumin, a major active component of turmeric, is currently
in a phase II clinical trial for patients with advanced pancreatic
cancer.16 It inhibits proliferation and induces apoptosis in a
wide range of cancer cell types.17 Surprisingly, unlike most
chemotherapeutic agents, curcumin shows no toxicity; it is
believed that this unique property of curcumin is due to its
cytotoxic activity being confined only to cancer cells.18,19 Its
characterization has revealed a broad range of medicinal
utilities, including antiproliferative, anticarcinogenic, anti-
inflammatory, antioxidant, antiviral, antifungal, and antimicro-
bial activities.18,20 Although most of the conventional chemo-
therapeutic drugs in use today were designed to recognize a
particular target, reports demonstrate either directly or
indirectly that curcumin can bind to multiple proteins,18

transcription factors,21 coactivators and corepressors, and so
forth.22 To inhibit tumorigenesis, curcumin suppresses
oncogenic cell proliferation by inducing apoptosis and arresting
cell cycle progression.23 Earlier, Chen et al. had shown that the
effect of curcumin on the viability and induction of apoptosis in
the A549 cell line was associated with disorganization of the
actin cytoskeleton.24 They demonstrated that curcumin led to
disorganization of actin fibers in combination with induced
apoptosis. Recently, Holy has shown effects of curcumin on cell
motility and microfilament disorganization using the human
prostate cancer cell lines PC-3 and LNCaP.25

Curcumin is unstable in aqueous solution at physiological
pH, especially in the presence of reducing agents. It
decomposes rapidly in the presence of light. The effect of
curcumin on actin has mostly been studied in cells. An obvious
question is how the decomposed products affect the binding of
curcumin to an actin filament or monomer in growing cells. In
such cases, it is always desirable to have data from an in vitro
purified system. It is also important to know where curcumin
binds to actin, and its binding characteristics, thermodynamic
parameters, structure−function relationship, and pharmaco-
phoric attachment points to the target, which would aid in
designing better analogues. In the present study, we have
examined the binding of curcumin to purified actin. To further
understand the structure−function relationship of curcumin to
actin binding, we synthesized a number of curcumin analogues
and examined their binding with actin. Screening of the
synthesized analogues has been performed by determining their
binding affinities for actin, capacity to inhibit actin self-
assembly, and effect on the microfilament network in cells using
fluorescence microscopy. In addition, using molecular dynam-
ics, we have tried to focus on the mechanism underlying
curcumin-induced inhibition of actin polymerization. We
believe that new insights into the mode of actin/curcumin
interactions and their structure−function relationship could
lead to increased interest in the therapeutic potential of
compounds that target the actin cytoskeleton.

■ MATERIALS AND METHODS
Curcumin (from Curcuma longa or turmeric), rabbit muscle
actin (≥85% (SDS−PAGE), lyophilized powder), adenosine
5′-triphosphate (ATP) disodium salt hydrate, and latrunculin B
were obtained from Sigma-Aldrich. Pyrene-labeled actin was
purchased from Cytoskeleton, Inc. Rhodamine phalloidin was
obtained from Life Technologies. Tris(hydroxymethyl)-
aminomethane, magnesium chloride (MgCl2), potassium
chloride (KCl), and calcium chloride (CaCl2) were purchased
from Merck. Buffer solutions were prepared with neat water
from a Millipore Milli-Q NANO pure water system. All other

reagents were of analytical grade and purchased from local
vendors. Curcumin derivatives were synthesized using a
previously described protocol.26

UV−Visible Absorption Spectra of Curcumin. Absorb-
ance readings were taken from 250 to 550 nm using a
Shimadzu (UV−vis) spectrophotometer. Degradation of
curcumin was recorded, and UV−vis absorption spectra were
collected at time 0, 5, 10, and 20 min. A stock solution of 10
mM curcumin was prepared in dimethyl sulfoxide (DMSO),
and an appropriate volume of the curcumin solution was added
to 50 mM phosphate buffer (pH 7.4) to achieve a final
concentration of 10 μM. A time-dependent degradation profile
of curcumin was also measured in 50 mM 1,4-piperazinedie-
thanesulfonic acid (PIPES) buffer at pH 7.4.

Enhanced Curcumin Fluorescence upon Actin Bind-
ing. Enhancement of the fluorescence of curcumin and its
derivatives in the presence of actin was monitored using a
Hitachi F-7000 fluorescence spectrophotometer at 25 °C. The
experiment was carried out using a 0.5 cm path length quartz
cuvette. Both the excitation and emission band passes were 5
nm. A different set of solutions were prepared in 50 mM PIPES
containing 5 μM actin in each along with 20 μM curcumin and
its derivatives, respectively. Each solution was incubated at 37
°C for 15 min. Subsequently, fluorescence emissions were
recorded from 350 to 650 nm exciting the complexes at the
absorption maxima of the respective ligands.

Actin Polymerization Assay. Lyophilized powder of
pyrene-labeled rabbit muscle actin was reconstituted in general
actin buffer [5 mM Tris-HCl (pH 8.0), 0.2 mM CaCl2] and
polymerized at 25 °C in the presence of 50 mM KCl, 2 mM
MgCl2, and 1 mM ATP.27 Enhancement of fluorescence was
recorded on a fluorescence spectrophotometer connected to a
constant temperature circulating water bath accurate to 25 ±
0.2 °C, where excitation and emission wavelengths were kept at
350 and 407 nm, respectively. The experiment was carried out
in a 0.5 cm path length quartz cuvette. The actin polymer-
ization assay was performed in the presence of curcumin and its
analogues using different concentrations for each compound.
IC50 values were calculated by the concentration of compound
that caused 50% inhibition of polymer mass.

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were taken on a VP-ITC microcalorimeter from
MicroCal, Inc. (Northampton, MA, USA). Actin (20 μM)
was dialyzed extensively against general actin buffer supple-
mented with 0.2 mM ATP, and the ligand (200 μM) was
dissolved in the last dialyzant. A typical titration involved 13
injections of ligand (18 μL aliquots/shot) at 3 min intervals
into the actin-containing sample cell (volume of 1.4359 mL).
The titration cell was kept at 25 °C and stirred continuously at
310 rpm. The heat of dilution of the ligand in the buffer alone
was subtracted from the titration data. Data acquisition and
analysis were performed using Microcal Origin 5.0 to determine
the binding stoichiometry (N) and other thermodynamic
parameters of the reaction. The “One Set of Sites” binding
model, provided with the software, was used. Enthalpy changes
(ΔH) and affinity constants (Ka) were known after the curve
fitting. The changes in free energy (ΔG) and entropy (ΔS)
were calculated using the equations

Δ = Δ ° +G G RT Kln a (1)

Δ = Δ − ΔG H T S (2)
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Binding Measurements Using the Fluorescence
Method. We determined the affinity constant and stoichiom-
etry for curcumin and its derivatives with actin by conventional
Scatchard analysis28 using the equation

= −r
nK rK

[L ]free
a a

(3)

Here, r is the number of moles of drug bound per mole of actin,
[Lfree] is the free drug concentration, Ka is the affinity constant,
and n is the number of drug binding sites on actin.
We performed a reverse titration using the drug at 15 μM

with an increasing concentration of actin, and a standard curve
was obtained when 1/fluorescence was plotted against 1/
[actin]. From this curve, the fluorescence intensity correspond-
ing to the 15 μM ligand−actin complex was determined. To
generate the binding isotherm, ligand (2−16 μM) was added to
15 μM actin and each sample was incubated at 37 °C for 5 min.
The actin−drug complexes were excited at the absorption
maxima of the ligand. Hence, excitation wavelengths for
curcumin, compound 2, compound 3, and compound 5 were
kept at 427, 333, 327, and 413 nm, respectively. The amount of
bound drug was determined by measuring the fluorescence at
the corresponding wavelength of the respective emission
maximum for each ligand. Because the bound drug
concentration was known from the standard curve, the free
drug concentration was calculated from the total drug
concentration. We plotted r/[Lfree] against r, and the affinity
constant of the drug was calculated from the slope of the plot.
All fluorescence measurements were carried out in a 0.5 cm
path length quartz cuvette. Fluorescence values were corrected
for the inner filter effect using the Lakowicz equation29
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(4)

where Aex and Aem are the absorbance at the excitation and
emission wavelengths, respectively.
Cell Culture and Maintenance. Human lung epithelium

adenocarcinoma cells (A549) and human cervical cancer cells
(HeLa) were cultured at 37 °C in a humidified atmosphere
containing 5% CO2. The cells were maintained in DMEM
medium supplemented with 1 mM L-glutamine, 10% fetal
bovine serum, 50 μg/mL penicillin, 50 μg/mL streptomycin,
2.5 μg/mL amphotericin B, and nonessential amino acids. Cells
were grown in tissue culture flasks until they were 80%
confluent, at which point they were trypsinized and split.
Immunofluorescence Assay of the A549 Cell Line.

A549 cells, grown in 6 well plates at ∼60% confluency, were
treated with latrunculin B (1 and 2 μM) and curcumin and its
derivatives (20, 30, and 40 μM) for 24 h. Cells were washed
twice with PBS to remove the chemicals and fixed through
treatment with 3.7% formaldehyde solution for 20 min. The
fixing solution was removed by repeated washes with PBS
followed by treating the cells with 0.1% Titron X-100 for
enhanced membrane permeabilization. The detergent from the
wells was removed by repeated washes with PBS. Cells were
then treated with blocking solution containing 3% BSA
followed by incubation with 50 μg/mL phalloidin conjugated
with rhodamine solution and DAPI (1 μg/mL) for 1 h in the
dark. The staining agents were washed out with PBS, viewed,
and documented using a Zeiss confocal microscope (LSM 510
Meta).

Docking and Simulation. The structure used for actin was
from rabbit skeletal muscle bound to lactrunculin A (PDB entry
1IJJ at 2.85 Å).30 Chain A was considered for our studies.
Missing residues (Met1−Glu4, Val43−Gln49, and Phe375)
were modeled using Modeler.31 The final modeled structure
was subjected to docking with curcumin. AutoDock432 was first
employed to generate the docked structures and then to
determine the structures with the optimum number of
hydrogen bonds (validated by HBPLUS33) and interactions
in the simulations for 20 ns in explicit water at 300 K. All
simulations and equilibration were performed using the sander
module of the AMBER 10.0 software package.34 The protein
was solvated using a TIP3P box with the ff99SB force field
parameters. The molecules were minimized using steepest
descent for 500 cycles followed by the conjugate gradient
method for 20000 cycles prior to the dynamics run. The system
was heated to 300 K within 40 ps and equilibrated following
minimization. Bonds involving hydrogen were constrained with
the help of the SHAKE algorithm. The production run was
carried out for 10 ns employing constant-pressure periodic
boundary conditions. A nonbonded cutoff distance was set to
12 Å, and a 2 fs integration time step was used. The coordinates
were saved after every 2 ps. Analyses of the trajectories were
performed using the ptraj module of AMBER. To provide
insight into the energetics of ligand binding, the simulation
trajectories of the docked complex after 10 ns of simulation in
explicit water were used to compute the binding energies of the
small molecules by employing molecular mechanics generalized
Born surface area (MM-GBSA) and Poisson−Boltzmann
surface area (MM-PBSA) approaches.35 For these, the last 5
ns of data were taken from the trajectory, and the interaction
energies were calculated using scripts provided in the AMBER
10 package.36 Generally, the free energy of receptor−ligand
binding (ΔGbinding,solvated) is calculated by taking the difference
between the free energies of the receptor−ligand complex
(ΔGcomplex,solvated) and the unbound receptor (ΔGreceptor,solvated)
and ligand (ΔGligand,solvated) (eq 5).

Δ = Δ − Δ

+ Δ

G G G

G

[

]

binding,solvated complex,solvated receptor,solvated

ligand,solvated (5)

Here, ΔGsolvated is calculated by either solving for the linearized
Poisson−Boltzmann or generalized Born equation for each of
the three states (ΔGpolar) or adding an empirical term for
hydrophobic contributions (ΔGnonpolar). Solvent accessible
surface area is used to calculate the hydrophobic contribution,
and the entropic contribution is omitted for simplicity.

■ RESULTS

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenol)-1,6-hepta-
diene-3,5-dione) is a palindromic molecule that contains two
ferulic acid residues joined by a methylene bridge. Despite its
wide range of medicinal properties, it is a very unstable
molecule in aqueous solution at physiological pH.37,38

Curcumin displays a UV−visible absorption spectrum contain-
ing an intense peak at 427 nm with a shoulder around 350 nm
(Figure 1). Degradation of curcumin can be monitored easily
from the change in its absorption profile over time in
phosphate buffer at pH 7.4 (Figure 1A). It has been found
that the intensity of the curcumin spectra decreases significantly
over time. This extensive rate of degradation depends not only
on the pH of the solution but also on the constituents of the
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buffer. We found that the rate of curcumin degradation at pH
7.4 in Good’s buffers such as PIPES is lower than that in
phosphate buffer at the same pH (Figure 1B). Curcumin
stability is a generalized problem when trying to use it for
biophysical assays.
Enhanced Curcumin Fluorescence upon Binding to

Actin. Curcumin is weakly fluorescent in aqueous solution26

but shows intense fluorescence in the presence of actin with a
large blue shift in the spectra from 520 to 500 nm (Figures S1
in the Supporting Information). Generally, hydrophobic
molecules show this type of spectral characteristic when there
is a change in the local environment of the molecule; binding to
the hydrophobic pocket of protein leads to enhanced
fluorescence with a blue shift in the emission maximum. This
extent of fluorescence enhancement has also been found for
curcumin in the presence of polymeric actin, indicating that
curcumin can bind to both monomeric and polymeric actin
(data not shown). We next verified the binding capacities of all
of the curcumin derivatives (Table 1) to actin through
fluorescence tests (Figure 2). Substitution in the diketone
group of curcumin with an oxazole or pyrazole ring (in
compounds 2 and 3, respectively) produces structural
modifications that hinder extended conjugation, resulting in a
blue shift in the absorption maximum relative to that of
curcumin.26 We therefore excited the compound 2 and 3
complexes with actin at their characteristic wavelength maxima

of 333 and 327 nm, respectively. Only a few of the derivatives
(compounds 2, 3, and 5) displayed similar fluorescence
enhancement in the presence of actin, indicating binding; the
rest showed no change in fluorscence.

Effect of Curcumin on Actin Polymerization. Following
the results from the fluorescence experiments, we wanted to
determine if the binding of curcumin to actin affects G- and F-
actin equilibrium (an important diagnostic marker of the actin
system4). We tested actin polymerization in the presence of
curcumin using 1 mM ATP. In vitro, curcumin shows
progressive concentration-dependent inhibition of actin self-
assembly with an IC50 of 16 μM (Figure 3). The effect of
substitution on the curcumin structure was evaluated by
performing the polymerization assay with the curcumin
derivatives; the IC50 values are shown in Table 1. Compound
2 (oxazole-curcumin) retains actin polymerization inhibitory
activity similar to that of curcumin, whereas the inhibitory effect
of compound 3 (pyrazole-curcumin) is reduced significantly as
reflected by its higher IC50 value. Interestingly, benzylidene
substitution at the C-4 position in compound 4 causes its
inhibition of polymerization to increase significantly (4 times
higher than that of curcumin). This benzylidene derivative was
also the strongest inhibitor of tubulin polymerization into
microtubules.26 Acetylation of curcumin (compound 5) does
not change the inhibitory effect significantly. Half compounds
6−10, which have a half equivalent structure of curcumin, failed
to show inhibitory activity, indicating that their chemical
structures do not possess the conditions necessary for actin
binding and thus for inhibition of polymerization.

Determination of Thermodynamic Parameters and
Binding Constants. Here, we determined the thermodynamic
parameters for changes in Gibbs free energy (ΔG), enthalpy
(ΔH), and entropy (ΔS) along with the number of binding
sites (N) and affinity constant (Ka). These parameters provide
useful information for understanding the fundamental forces
involved in protein−ligand interactions. We also determined
binding enthalpy as a function of temperature that yields
changes in heat capacity (ΔCp). However, we were unable to
perform ITC experiments because of the low solubility and
instability of curcumin in aqueous solution at pH ≥7. We have
shown previously that curcumin is very unstable at physio-
logical pH, especially in the presence of reducing agents like
alkaline pH and others; however, stability is attained after
substituting the 1,3-diketone group (midsection) for an oxazole
or pyrazole moiety.39 As such, compound 2 was chosen for
titration with actin.
Figure 4 shows the raw data of a calorimetric experiment for

the titration of actin with compound 2. It is evident that the
binding reaction is characterized by a significant amount of heat
change with a stoichiometry ratio of 1.13 (Table 2). The
binding affinity constant was found to be 7.20 × 105 M−1 at 25
°C. Actin binding to compound 2 is driven by simultaneous
participation of favorable van der Waals (negative ΔH) and
hydrophobic interactions (positive ΔS). The total entropy
change of drug−protein interactions is composed of three
components, namely, solvation entropy (ΔSsolv), conforma-
tional entropy (ΔSconf), and rotational−translational entropy
(ΔSr/t), which were calculated using a previously published
procedure.26 The binding reaction is associated with a favorable
contribution of solvation entropy that overcomes the
unfavorable contribution of conformational entropy, as
reflected by their respective values (Table 2). The unfavor-
ableness associated with the change in conformational entropy

Figure 1. UV−visible absorption spectra of curcumin (10 μM) in 50
mM (A) phosphate buffer (pH 7.4) and (B) PIPES buffer (pH 7.4).
Measurements were taken at 0 (black squares), 5 (red circles), 10
(blue triangles), and 20 (green inverted triangles) min.
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in protein−ligand binding (negative change in conformational
entropy) is due to the loss of configurational degrees of
freedom for both the drug and the protein molecules. The
unfavorable effect can be reduced by using a conformationally
rigid drug molecule.40 For actin−compound 2 binding, the
change in conformational entropy is −6.38 cal K−1 mol−1. The
small change in conformational entropy is attributed to the
rather rigid nature of compound 2. It is apparent from this
discussion that the unfavorable (negative) conformational
entropy change is overcompensated by a large favorable
(positive) solvent contribution that leads to an overall gain in
entropy. The thermodynamic parameters ΔH and ΔS were
determined over a range of temperatures from 25 to 35 °C, and
the heat capacity change at constant pressure (ΔCp) was
determined using the Kirchoff equation ΔCp = dΔH/dT (Table
3). The ΔCp is estimated to be −277 cal K−1 mol−1; the
negative ΔCp value indicates the involvement of hydrophobic
interactions between the protein and drug. For interactions
during the formation of protein−protein and protein−ligand
complexes, ΔCp is usually negative because these types of
interactions are associated with burial of surface molecules at
the binding interface and thus removal of interfacial water. A
similar mechanism is most likely involved in the reaction
between the highly hydrophobic ligand curcumin and actin,

which would result in the removal of a large number of solvent
molecules from the actin−curcumin interfacial surface.
On the basis of the low solubility and instability of aqueous

curcumin, ITC experiments could not be performed to
determine the binding and thermodynamic parameters for
curcumin and some of its derivatives. Therefore, we determined
the affinity constants and the stoichiometry of binding for these
compounds using Scatchard analysis.28 Details of the analysis
have been provided in the Materials and Methods. Results
given in Figure S2 in the Supporting Information indicate that
the stoichiometry of the curcumin−actin interaction is ∼1:1.
The affinity constant (Ka) of the curcumin−actin interaction is
(2.45 ± 0.01) × 105 M−1 at 37 °C (Table 4). The association
constant values for other curcumin derivatives were determined
in a similar manner (Table 4) and correlated well with their
IC50 values, which correspond to 50% inhibition of actin
polymerization. The decrease in Ka (and concomitant increase
in IC50) is in the order curcumin→ compound 2→ compound
5 → compound 3. Our results suggest that the dicarbonyl
moiety of curcumin is involved in its interaction with actin.
Also, the substitutions of pyrazole and oxazole in place of the
dicarbonyl moiety of curcumin do not contribute to identical
structural changes. Our results also suggest that the phenolic
hydroxyl group of curcumin is involved in the interaction with

Table 1. Chemical Structures and Half-Maximum Polymerization Inhibition Values of Various Curcumin Analogues
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actin. The benzylidine analogue of curcumin, compound 4,
which is the most efficient in inhibiting the self-assembly does
not fluoresce when bound to actin. Apart from these
derivatives, the half analogues showed no interaction with
actin which is also suggested from the polymerization assay.
Immunofluorescence Assay. The actin filament network

is a vital cytoskeletal structure that contributes to the
morphological features of a cell and participates in the dynamic
regulation of cellular functions.1,4 This actin cytoskeleton is
reorganized during mitosis to form rounded cells with increased
cortical rigidity but is re-established after mitosis to allow cells
to regain their extended shape and attachment to the
substratum.4 The integrity of the organization of the actin
network relative to the phases of mitosis clearly implies a
functional role for actin in cell division. To observe the effects

of curcumin on morphological changes of the actin network, we
performed immunofluorescence assays. Human lung epithelial
cells (A549) were chosen as control cells because they have
abundant stress fibers that extend across the cytoplasm. We
have found that A549 control cells treated with 0.5% DMSO
have a well-organized F-actin network distributed both
throughout the cell and at the periphery (Figure 5A). However,

Figure 2. Fluorescence spectra of different curcumin analogues in the
presence of actin. The complexes were prepared using 5 μM actin and
20 μM ligand in 5 mM PIPES buffer (pH 7.4) at 37 °C, and then their
fluorescence responses were measured after exciting the ligands at
their characteristic absorbance maxima of 427, 333, 327, and 413 nm
for curcumin (orange squares), compound 2 (red squares), compound
3 (green circles), and compound 5 (blue squares), respectively.

Figure 3. Actin polymerization assay. (A) Pyrene-labeled actin polymerization was performed in G-actin buffer (5 mM Tris-HCl, 0.2 mM CaCl2, pH
8.0). The reaction was initiated with 1 mM ATP, 50 mM KCl, and 2 mM MgCl2. The assay was performed in the presence of 0 (black squares), 10
(red circles), 20 (blue triangles), 30 μM (green inverted triangles) curcumin. Excitation and emission wavelengths were set at 350 and 407 nm,
respectively. (B) Plot of the percentage of polymerization vs the concentration of curcumin used.

Figure 4. Calorimetric titration of compound 2 with actin. The upper
panel shows raw data obtained from 13 injections (19 μL each) of
compound 2 (300 μM) into 30 μM actin in 5 mM Tris buffer
containing 0.2 mM CaCl2 at pH 8.0. The lower panel shows a
nonlinear least-square fit of the incremental heat per mole of added
ligand for titration in the upper panel as a function of molar ratio using
Origin 5.0 software.
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treatment of the cells with a concentration of curcumin ranging
from 20 to 40 μM caused disruption of the actin microfilament
network (Figure 5D−F). In addition, actin aggregates have
been found to localize under the plasma membrane. Some cells
had brightly fluorescent actin fibers localized at only the outside
edge of the cell. Some cells had an overall diffuse, disorganized
network rather than the evenly organized actin network found
in control cells. Our results indicate that curcumin induces
disorganization of the normal actin microfilament network in
A549 cells. We compared this result with those of cells that
were treated with latrunculin B (an actin network disrupting
drug).30,41 We found more diffuse F-actin staining and a
reduced number of fibers throughout the cell after treatment
with latrunculin B (Figure 5B,C). We have also performed the
immunofluorescence assay with the stable and active analogue
compound 2 and found a similar diffuse, disorganized actin
network (Figure 5G−I).
Binding Site Determination. Our experimental results

suggest that curcumin is an actin filament destabilizing
compound that binds to actin and perturbs the dynamic
equilibrium between actin and microfilament. Known actin
inhibitors that block or destabilize actin filaments have been
shown to do so by binding to two distinct regions of the actin
monomer: (i) the ATP binding cleft and (ii) the barbed end
(Figure S3 in the Supporting Information).42,43 Actin filaments
are known to have structural polarity with the actin subunits
being aligned in such a way that one end of the molecule (the
pointed end where the ATP binding cleft is located) interacts
with the opposite end (the barbed end) of a neighboring
monomer.
To gain a better understanding of the nature of curcumin

binding, we have carried out docking studies separately using
both the keto and enol forms. Docking results show that

various configurations of curcumin have a comparable binding
energy at different sites of the actin structure and that many
different conformations are suitable for maximizing hydro-
phobic contacts with the protein residues. Among these, the
most favorable (i.e., lowest energy) binding was found at the
barbed end of monomeric actin, which is very close to the
binding site of cyotochalasin-D (PDB entry 1EKS), a fungal
toxin that interferes with the normal dynamics of the actin
cytoskeleton by binding to the barbed end of actin filaments
(Figure 6).44,45 Docking results also exemplify the fact that
curcumin binding is far removed from the ATP binding cleft of
the actin monomer, which is where the latrunculin type of
cytotoxins usually binds.30,41 This observation is also supported
by the fact that the emission maximum of curcumin complexed
to actin is not altered in the presence of latrunculin B (data not
shown), indicating that curcumin does not possess a binding
site identical to that of latrunculin B. The lowest binding energy
for the keto form of curcumin was −5.78 kcal mol−1, and that
of the enol form was −4.22 kcal mol−1. This may be explained
by the number of hydrogen bonds involved in binding. We
found that three hydrogen bonds occur in the binding pocket
(involving the Arg118 (NH2), Tyr145 (OH), and Cys376
(SG) residues) for the keto conformation of curcumin.
Conversely, only a single hydrogen bond was found for the
enol conformation (involving the Leu110 (NH) residue). Thus,
the keto form provides a lower binding energy with a larger
number of hydrogen bonds. In addition, curcumin also uses its
aromatic rings to interact with hydrophobic residues located
near its binding site. On the basis of these results, it can be
concluded that the combination of hydrophobic interactions
and extensive hydrogen bonding gives curcumin many
favorable ways to bind to actin.

Molecular Dynamics. To better understand the inherent
flexibility of the ligand and its interactions with binding site
residues, we performed molecular dynamics simulations using
both the actin−ATP structure and the complex formed
between actin−ATP and the keto form of curcumin. From
simulations of the unbound receptor (actin−ATP), we find that
actin itself is very flexible, particularly in subdomain 2 (residues
36−71, especially in D-loop residues 40−49) and a loop in
subdomain 4 (residues 197−207) (Figure 7, Movie SM1 in the
Supporting Information). These observations are corroborated
by the residue-wise root-mean-square fluctuation (RMSF)
profile (Figure S4 in the Supporting Information). The D-
loop is disordered in most crystal structures of actin, but it plays
an important role in actin polymerization.46−48 ATP has been
shown to form hydrogen bonds mostly with Ser16 (subdomain
1) and Asp156 and Tyr308 (subdomain 3). Simulations reveal
ATP drift toward subdomains 1 and 3 (the cofactor’s center of
mass changes by 3.1 Å), forming hydrogen bonds with residues
Pro111 and Tyr171, respectively. The root-mean-square
deviation (RMSD) values, which inform about gross structural
changes to a protein over time, increase to 4.5 Å toward the end
of the simulation (Figure S4 in the Supporting Information).
Simulation of the complex shows a shift of the ligand toward

subdomain 3 within the first few nanoseconds (Figure 8,
Movies SM2 and SM3 in the Supporting Information). Initial
contact of the ligand with residues having aromatic and
hydrophobic groups, including Pro111, Ile138, Val141, Tyr145,
Ile177, and Leu348, is maintained throughout the time scale of
the simulation. A few new interactions are formed, including
with Thr150, Val165, Gly170, Tyr171, Ala172, Leu173, Pro174,
and Phe354, at the end of the simulation. The binding site is

Table 2. Thermodynamics of Actin−Compound 2 Binding at
30 °C

thermodynamic parameter value

N (drug−protein stoichiometry) 1.13
Ka (binding constant, M−1) 7.20 × 105

ΔH (binding enthalpy, cal mol−1) −2548
ΔStot (entropy change, cal K−1 mol−1) 18.5
ΔSsolv (solvation entropy change, cal K−1 mol−1) 32.88
ΔSconf (conformational entropy change, cal K−1 mol−1) −6.38
ΔSr/t (rotational−translational entropy change, cal K−1 mol−1) −8
ΔG (free energy change, kcal mol−1) −8.15

Table 3. Heat Capacity Changes of Actin−Compound 2
Interactions

temperature
(K)

ΔH
(cal mol−1)

ΔS
(cal K−1 mol−1)

ΔCp
(cal K−1 mol−1)

298 −1660 23 −277
303 −2548 18.5
308 −4431 9.54

Table 4. Association Constants of Different Curcumin
Analogues with Actin Obtained Using a Scatchard Plot

ligand name affinity constant (Ka, M
−1)

curcumin (2.45 ± 0.01) × 105

compound 2 (2.18 ± 0.02) × 105

compound 3 (8.29 ± 0.001) × 104

compound 5 (1.93 ± 0.019) × 105
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more hydrophobic after 20 ns (the grand average of hydropathy
(GRAVY) increases from 0.33 to 1.93, http://www.gravy-
calculator.de/index.php). Overall structural deviations are
reflected in the RMSD profile of the protein; the RMSD
value increases to ∼3 Å in the first few picoseconds to reach a
final value of 4.1 Å after 20 ns. The plot shows no such

difference between the unbound and complexed structure. A
slight decrease of RMSD is observed in the bound structure,
which indicates a marginal increase in overall rigidity imparted
by binding of the ligand. The flexible regions of the protein are
described by the RMSF plot, which shows a trend similar to
that of the unbound structure, indicating no major change in
the flexibility of the protein. We also find here that residues
42−52 (corresponding to the D-loop) have high values, which
followed the region ranging from 200 to ∼250 (subdomain 4).
These form a piece of the pointed end of actin that is associated
with polymerization of the protein.46 The ligand binds at the
barbed end, affecting internal hydrogen bonding between
residues of subdomains 1 and 3. In the uncomplexed protein,
Tyr171 (subdomain 3) and Lys375/Cys376 (subdomain 1)
form interdomain hydrogen bonds that are lost upon ligand
binding. The hydrogen bonds between ATP and Pro111, as
seen for the unbound protein, are also disrupted, and new
contacts with curcumin are observed for the complex.
Movement of ATP toward subdomains 1 and 3 is impeded
when ligand binds (the molecule’s center of mass changes by 2
Å), preventing interactions between the nucleotide and residues
from subsequent regions. From the average ΔGbinding calculated
employing both MM-PBSA and MM-GBSA, we find ligand

Figure 5. Disruption of the microfilament network in cultured A549 cells through drug treatment in an immunofluorescence assay. Microfilament
images of untreated cells (A) and cells treated with 1 and 2 μM latrunculin B (B and C, respectively); 20, 30, and 40 μM curcumin (D−F,
respectively); and 20, 30, and 40 μM compound 2 (G−I, respectively) taken using a Zeiss confocal microscope. In each case, the DMSO
concentration was maintained at 0.4%.

Figure 6. Molecular docking of actin (PDB entry 1IJJ at 2.85 Å) with
the (A) keto and (B) enol forms of curcumin. Red sticks represent
ATP, and blue sticks represent curcumin. Molecular docking was
performed using AutoDock4 software (version 1.5.6).
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binding to be favorable as both the protein and ligand undergo
considerable change during the simulation (Table 5).
We find that the subdomains constituting the pointed end of

the structure (i.e., residues 36−72 (subdomain 2) and 185−269
(subdomain 4)) gradually come closer together (Movie SM2 in
the Supporting Information). It is fascinating to find that even
though the ligand binds at the barbed end its effect is reflected
at the pointed end, which becomes constrained as subdomains
2 and 4 are brought into close proximity. A salt bridge is formed
between Asp246 of subdomain 4 and Arg64 of subdomain 2
from ∼2 to 11 ns; then, the two residues move apart, ultimately
coming closer together again to form contacts at the end of the
20 ns simulation (Movie SM2 in the Supporting Information).
This interaction alters the intermediate space between the two
subdomains, making it narrow and more constrained (Figure
7). Toxins that block or destabilize actin filaments usually bind
near the ATP binding cleft or at the barbed end. Here, we find
an allosteric effect in which the binding of curcumin at the

barbed end is reflected as a change in the pointed end, which
may cause filament disorganization.

■ DISCUSSION

Curcumin, the active ingredient in turmeric (C. longa), has been
utilized as medicine for a wide range of diseases, including
cancer.18−20 But the question of how it possesses such a vast
array of medicinal properties remains unresolved. Extensive
research over the past 30 years indicates that this molecule has
numerous targets in a cell and that a number of different
mechanisms may be at work to exhibit its diverse proper-
ties.18,21,22 It is unique in recognizing and binding to many
different types of proteins, including enzymes,49 protein
kinases,50 protein reductases,51 carrier proteins,52 inflammatory
molecules,53 DNA,54 RNA,55 and so forth. In most of these
cases, the precise mode of curcumin binding has not been
elucidated. On the basis of observations of Holy25 and Chen et
al.,24 the microfilament network of the cell cytoskeleton appears
to be destabilized in the presence of curcumin. This similar

Figure 7. Representation of the structures at the beginning and end of the time period for (A) actin−ATP and (B) actin−ATP complexed with
curcumin. The four subdomains of the protein are shown in different colors (subdomain 1: residues 1−35, 76−137, and 339−377; 2: residues 36−
75; 3: residues 138−184 and 270−338; and 4: residues 185−269) along with ATP (yellow sticks) and curcumin (red sticks). Arg64 (subdomain 2)
and Asp246 (subdomain 4) are represented by sticks colored by elements; the distances between them are indicated.
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observation from different groups led us to investigate whether
curcumin could bind to actin and inhibit microfilament
formation, and that if it could, to determine the mechanism
of action by which it could inhibit actin polymerization. In this
study, we have examined actin−curcumin interactions in detail
with purified actin, and we have found that curcumin binds to
actin (affinity constant Ka = (2.45 ± 0.01) × 105 M−1 (Table
4)) and inhibits its polymer formation into microfilaments
(IC50 ≅ 16 μM) (Table 1). The results establish that “actin−
microfilament dynamics” is another target of curcumin. It is
remarkable that curcumin also inhibits tubulin polymerization
with a dissociation constant of 20 μM (previously reported by
our lab),26 indicating that it has a similar affinity for both the
cytoskeleton proteins tubulin and actin. However, another
group reported that the dissociation constant value for
tubulin−curcumin interaction was 2.4 μM, which could be
due to differences in solution conditions, the polymer inducer
used during protein purification, or the stability of curcumin
itself.56

We synthesized a large number of curcumin analogues and
tested each of them to determine their efficacy for inhibiting
actin self-assembly. Our study with these various analogues
shows that curcumin acts as a bifunctional ligand in the self-
assembly of both tubulin26 and actin; diketone-substituted
analogues and acetylation of terminal phenolic groups are less
effective, whereas a benzylidene derivative is more potent, than
curcumin at inhibiting actin self-assembly. It thus appears that
particularities of the structure of curcumin, such as the two
aromatic end groups and a suitable linker length between them,
are essential criteria for the manifestation of its optimal
inhibitory activity.

Thermodynamic parameters of binding were determined for
the stable curcumin analogue compound 2 across a range of
temperatures. The binding is enthalpy driven with a large
negative ΔCp (Table 3), indicating the involvement of
hydrophobic interactions between the ligand and protein.
The favorable change in ΔH signifies that van der Waals
interactions and hydrogen bonding also play a prominent role
in the formation of the drug−actin complex. Additionally, we
observed the formation of a salt bridge between two
subdomains of actin that was induced by narrowing of the
inter-region space by curcumin binding (Figure 7). Molecular
dynamics studies indicated that binding of curcumin to actin
produced an allosteric effect, as ligand binding at the barbed
end makes the intersubdomain space in the pointed end
narrower, adversely affecting interactions between adjacent
actin monomers during polymerization. Because curcumin does
not possess any structural resemblance to other known actin
inhibitors, this mechanism of inhibition is most likely unique.
Curcumin targets a variety of cellular proteins regardless of

their sequence, structure, function, and so forth. It has also
been shown to possess the exceptional property of inhibiting
protein polymerization/aggregation.26,56−59 Thus, understand-
ing how curcumin exhibits a similar effect on two dynamic
protein systems, namely microtubules and microfilaments, is
paramount. A few particular characteristics of the molecule may
be pertinent. For both systems, the binding is thermodynami-
cally favorable with a negative ΔH and positive ΔS. The polar
nature of curcumin may be due to the presence of two phenolic
hydroxyl groups, two methoxy groups, and two ketone moieties
situated in the middle. On the other hand, the hydrophobic
character of curcumin is due to the presence of two aromatic
phenol rings. In general, during protein polymerization or
aggregation, the exposed hydrophobic surface of one protein
comes close to the hydrophobic surface of a neighboring
protein molecule, making energetically favorable contacts. It is
possible that curcumin competes with the protein−protein
hydrophobic interaction through its hydrophobic aromatic
moieties to prevent polymerization/aggregation. Furthermore,
flexibility in the curcumin structure (due to the presence of a
flexible, conjugated 7-carbon chain) is an advantageous feature
augmenting its binding capacity.58 It may thus adopt various
configurations thereby allowing it to maximize hydrophobic
contacts with the protein to which it binds. This flexibility may
help to make it functional across a large variety of proteins,
enzymes, peptides, DNA, and so forth. Moreover, the
involvement of both polar and nonpolar groups beautifully
choreographed in the curcumin structure makes it amenable to
binding a large variety of divergent proteins.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional experimental details, fluorescence emission spectra
of curcumin and its derivatives in the absence and presence of
actin, fluorescence titration of actin with curcumin, representa-
tion of actin and its different regions, RMSD and RMSF

Figure 8. Amplification of the curcumin binding site showing the shift
of the ligand position. The receptor is represented by the green
cartoon and the ligand by red sticks with an increasing level of
transparency depicting the trail of motion from its initial point.

Table 5. Estimation of Protein−Ligand Binding Energy in the Actin−Curcumin Complex Using the MM-GBSA and MM-PBSA
Approaches

structure MM-GBSA average ΔGbinding (kcal mol
−1) MM-PBSA average ΔGbinding (kcal mol−1) RMSDligand after 20 ns (Å) RMSDprotein after 20 ns (Å)

actin−curcumin −32.2 ± 9.1 −38.6 ± 9.1 1.1 4.1a

aA value of 4.5 Å was found when actin alone was subjected to the simulation.
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profiles, dynamics of actin−ATP in the absence and presence of
curcumin (SM1 and SM2, respectively), and an enhanced view
of the curcumin binding site (SM3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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