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ABSTRACT: Indanocine, a synthetic indanone, has shown potential antiproliferative activity against several
tumor types. It is different from many other microtubule-disrupting drugs, because it displays toxicity
toward multidrug resistance cells. We have examined the interaction of indanocine with tubulin and
determined their binding and thermodynamic parameters using isothermal titration calorimetry (ITC).
Indanocine is weakly fluorescent in aqueous solution, and the binding to tubulin enhances fluorescence
with a large blue shift in the emission maxima. Indanocine binds to the colchicine site of tubulin, although
it bears no structural similarity with colchicine. Nevertheless, like colchicine analogue AC, indanocine is
a flexible molecule in which two halves of the molecule are connected through a single bond. Also, like
AC, indanocine binds to the colchicine binding site of tubulin in a reversible manner and the association
reaction occurs at a faster rate compared to that of colchicine-tubulin binding. The binding kinetics was
studied using stopped-flow fluorescence. The association process follows biphasic kinetics similar to that
of the colchicine-tubulin interaction. The activation energy of the reaction was 10.5 ( 0.81 kcal/mol.
Further investigation using ITC revealed that the enthalpy of association of indanocine with tubulin is
negative and occurs with a negative heat capacity change (∆Cp ) -175.1 cal mol-1 K-1). The binding
is unique with a simultaneous participation of both hydrophobic and hydrogen bonding forces. Finally,
we conclude that even though indanocine possesses no structural similarity with colchicine, it recognizes
the colchicine binding site of tubulin and its binding properties resemble those of the colchicine analogue
AC.

Tubulin and microtubules are involved in many cellular
functions of the life cycle of a eukaryotic cell (1). Micro-
tubules are highly dynamic in nature and are composed
through rapid polymerization and depolymerization pro-
cesses. Since anticancer drugs bind either tubulin or micro-
tubules, which modulates the cell cycle, the tubulin-
microtubule system has become a very successful target in
anticancer drug development. Recent studies suggest that the
observed effects of these drugs are due to their interruption
of microtubule dynamics rather than the alternation of
microtubule polymer mass. This disruption of microtubule
dynamics leads to the arrest of cell growth in metaphase and/
or anaphase, thereby causing apoptotic cell death or nonapo-
ptotic slow cell death (2).

Anticancer drugs have been shown to bind at three major
binding sites on tubulin, the vinca, taxane, and colchicine
sites (3). The taxanes and vinca alkaloids have long been in
clinical use; however, these drugs have many drawbacks.
The most serious among them is the occurrence of clinical
resistance against the drug. Mutations, which include expres-

sion of different tubulin isotypes and the overexpression of
drug efflux pumps, including the multidrug resistant P-
glycoprotein (MDR/Pgp),1 are responsible for such phenom-
ena. This therefore limits the use of many anti-tubulin agents,
and therefore, the search for new drugs or its lead compounds
is ongoing. Moreover, most drugs (e.g., paclitaxel) in clinical
use require intravenous injection with long-term remedial
course, causing patients to suffer mentally and physically
and thereby reducing the patients’ quality of life. While
taxanes are effective against ovarian, lung, breast, bladder,
and hematological cancers (4), they are ineffective against
solid tumors like gastric, liver, and colorectal carcinomas.
Therefore, at present, efforts aimed at developing new anti-
tubulin drugs that are less vulnerable to resistance, can be
administered orally, have broad-spectrum efficiency, and
cause minimal neurotoxicity continue (5-10).

Indanocine (Figure 1) is a potent microtubule-depolymer-
izing agent with antiproliferative activity (11). It induces
apoptotic cell death in a broad range of human tumor cell
lines, including several types of multidrug resistant cells (11).
It is different from many other microtubule-disrupting drugs
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because it displays toxicity toward multidrug resistant cells
and kills nondividing or quiescent cells (11). From the
literature, it is known that indanocine is potently cytotoxic
to several tumor and different MDR cell lines. This sensitivity
to MDR cancer cells suggest that indanocine in the near
future may be considered as a potential lead compound for
the development of anticancer drug.

Although appreciable advancement in the potency of the
indanocine has been confirmed at cellular levels, its binding
properties with tubulin have remained unexplored. It is
therefore important that we know where exactly this drug
binds to tubulin, its binding characteristics, its binding
thermodynamics, and identification of pharmacophoric at-
tachment point to make improved analogues in the future.
Nguyen et al. identified pharmacophoric attachment points
for a number of colchicine site inhibitors (CSIs) with diverse
structures, including indanocine using molecular dynamics
and docking studies (12). As indanocine possesses no
structural resemblance with colchicine, we are curious to
know whether the binding property of the compound is
consistent with colchicine during binding to tubulin. In this
paper, for the first time, we explore the mode of interaction,
along with the kinetic and thermodynamic properties of this
promising drug with tubulin.

MATERIALS AND METHODS

Materials. PIPES, EGTA, GTP, colchicine, and podo-
phyllotoxin were purchased from Sigma Chemical Co.
Indanocine (catalog no. 402080, lot no. B35514) was
purchased from CalBiochem. All n-alcohols were spectro-
scopic grade and purchased from Spectrochem. All other
reagents were of analytical grade.

Drugs. A stock solution of indanocine was made with
100% DMSO.

Tubulin Isolation and Estimation. Tubulin was isolated
from goat brain by two cycles of temperature-dependent
assembly and disassembly in PEM buffer [50 mM PIPES, 1
mM EGTA, and 0.5 mM MgCl2 (pH 6.9)], in the presence
of 0.1 mM GTP, followed by two additional cycles in 1 M
glutamate buffer (13). The purified tubulin, free of MAPs,
was stored in aliquots at -70 °C. Protein concentrations were
estimated by the method of Lowry et al. (14), using bovine
serum albumin as the standard. Tubulin preparations used
in this study contained a natural mixture of isoforms (15).
Both calorimetry and fluorescence measurements were car-
ried out with this unfractionated tubulin, and therefore, the
binding parameters obtained here are averages for the
different isoforms.

Tubulin Polymerization Assay. Pure tubulin in PEM [50
mM PIPES (pH 6.9), 1 mM EGTA, and 0.5 mM MgCl2]
buffer was polymerized at 37 °C in the presence of 1 mM
GTP. Polymerization was initiated using 10% dimethyl
sulfoxide (Me2SO), and the turbidity was measured by the
absorbance at 410 nm rather than at the usual 360 nm (as
indanocine has absorption maxima near 360 nm). A Shi-
madzu UV-160 double-beam spectrophotometer, fitted with
a temperature-controlled circulating water bath accurate to
(0.2 °C, was used for this purpose. IC50 values were
calculated using the concentration of the drug that caused
50% inhibition of polymer mass.

Binding Measurements by the Fluorescence Method. The
binding of the ligands to the protein was monitored by
enhancement of ligand fluorescence in the presence of
protein. Fluorescence spectra were recorded using a Hitachi
F-3000 fluorescence spectrophotometer connected to a
constant-temperature circulating water bath accurate to (0.2
°C. All fluorescence measurements were carried out in a 0.5
cm path length quartz cuvette. Excitation and emission
wavelengths used for the measurement were 360 and 500
nm, respectively. In all cases, the excitation and emission
band-passes were 10 and 5 nm, respectively. Fluorescence
values were corrected for the inner filter effect using the
Lakowicz equation (16) Fcor ) Fobs[anti log(Aex + Aem)/2],
where Aex and Aem are the absorbance at the excitation and
emission wavelengths, respectively.

A modified Dixon plot of indanocine was obtained using
podophyllotoxin as a competitive inhibitor. The reaction
mixtures containing tubulin (3 µM), varied concentrations
of indanocine (5-15 µM), and podophyllotoxin (0-40 µM)
were incubated at 37 °C for 20 min. The reciprocal of the
fluorescence intensity of the indanocine-tubulin complex
at 500 nm was plotted against the concentration of
podophyllotoxin.

Measurement of Kinetics and ActiVation Energy. The kinetics
of the association of indanocine with tubulin was measured
under pseudo-first-order conditions using stopped-flow fluo-
rescence measurement. The fast kinetics was studied using
a SFA-20 rapid kinetic accessory from Hi-Tech Scientific
attached to a Perkin-Elmer LS-55 luminescence spectro-
fluorimeter. The dead time of the instrument was found to
be 20 ms. The temperature was controlled with a circulating
water bath accurate to (0.2 °C.

For experiments monitoring the quenching of tryptophan
fluorescence, samples were excited at 280 nm and the

FIGURE 1: Structure of drugs. Colchicine, 2-methoxy-5-(2′,3′,4′-
trimethoxyphenyl)tropone (AC), the 4′-methoxy analogue of podo-
phyllotoxin I (active compound) and III (inactive compound), and
indanocine are shown.
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emission intensities were recorded at 335 nm. The excitation
and emission band-passes were 5 nm each. The quenching
data were analyzed in the same way as the ligand fluores-
cence data, using the following biexponential equation:

F)Ae-kft +Be-kst (1)

where F is the fluorescence of the ligand-tubulin complex
at time t, A and B are the amplitudes for the fast and slow
phases, respectively, and kf and ks are the pseudo-first-order
rate constants for the respective phases. The observed rate
constants (kobs) were determined under pseudo-first-order
conditions where the indanocine concentration varied from
10 to 40 µM and the tubulin concentration was kept at
1 µM.

For monitoring of drug fluorescence, an excitation wave-
length of 360 nm and an emission wavelength of 500 nm
were used. The excitation and the emission band-passes were
5 nm each. The kinetics was corrected for free drug
fluorescence by measuring the fluorescence after mixing of
an appropriate concentration of indanocine in PEM buffer.

The data of increasing ligand fluorescence as a function
of time were fit to the equation (17)

F∝ -F)Ae-kft +Be-kst (2)

where F∝ is the maximum fluorescence intensity correspond-
ing to six half-lives of the reaction, F is the fluorescence
intensity at time t, kf and ks are the observed rate constants
of the fast and slow phases, respectively, and A and B are
the amplitudes of these two phases. The parameters A, B, C,
kf, and ks were obtained by nonlinear curve fitting using
Microcal Origin 7.5.

The observed rate constant (kobs) was determined at
different temperatures ranging from 15 to 42 °C, and the
activation energy (Ea) was calculated by plotting ln kobs

versus 1/T according to the Arrhenious equation [kobs )
A exp(-Ea/RT), where A is the pre-exponential factor].

Calorimetry. Isothermal titration calorimetric measure-
ments were performed on a VP-ITC MicroCalorimeter from
MicroCal, Inc. (Northampton, MA). Tubulin (10-12 µM)
was dialyzed extensively against PEM buffer with 0.1 mM
GDP (to offer stabilization), and indanocine (130 µM) was
dissolved in the last dializant. The pH values of the tubulin
and the ligand solutions were made identical before they were
loaded into the calorimeter. A typical titration involved 25
injections of ligand (10 µL aliquots/shot), at 3 min intervals,
into the sample cell (volume of 1.4359 mL) containing
tubulin. The titration cell was kept at a definite temperature
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
inbuilt Microcal Origin 5.0 to determine the binding stoi-
chiometry (N) and thermodynamic parameters of the reaction.
The “One Set of Sites” binding model, provided with the
software, was used. Enthalpy changes (∆H) and affinity
constants (Ka) were known after the curve fitting. The
changes in free energy (∆G) and entropy (∆S) were
calculated using the following equations:

∆G)∆G ° +RT ln Ka (at equilibrium, ∆G ° ) 0) (3)

∆G)∆H- T∆S (4)

The thermodynamic parameters ∆G, ∆H, and ∆S were
determined over a range of temperatures from 20 to 37 °C.
Therefore, the heat capacity change at constant pressure
(∆Cp) was determined using Kirchoff′s equation as

d∆H ⁄ dT)∆Cp (5)

A plot of the enthalpy change (∆H) of indanocine-tubulin
binding as a function of temperature yields ∆Cp.

RESULTS

Promotion of Indanocine Fluorescence upon Binding to
Tubulin. Preliminary spectroscopic studies indicate that
indanocine is weakly fluorescent in aqueous solution. Binding
to tubulin enhances fluorescence intensity and shows a large
blue shift in the emission maxima with an increase in the
concentration of protein [λmax shifted from 530 nm (in free
drug) to 487 nm (in complex)]. This enhancement of
fluorescence intensity along with the shifting of λmax of
indanocine with addition of an increasing concentration
of tubulin at 37 °C is shown in Figure 2A.

Indanocine, by virtue of its several aromatic rings, may
act as a nonspecific hydrophobic fluorophore, thereby binding
to hydrophobic patches of proteins and promoting fluores-
cence. Therefore, we tested indanocine binding with several
proteins such as bovine serum albumin, R-lactalbumin,
ovalbumin, lactate dehydrogenase, and carbonic anhydrase.
Indanocine did not fluoresce in the presence of these proteins,
indicating the specificity of indanocine binding to tubulin
(Table 1).

In this context, it should be mentioned that there is only
one antimitotic drug known which exhibits similar properties
upon binding to tubulin. This is the most studied antimitotic
drug, colchicine, that is nonfluorescent in aqueous solution

FIGURE 2: (A) Fluorescence emission spectra of indanocine (20 µM)
in buffer (curve 1) and 5 µM indanocine complexed with 5 (curve
2), 10 (curve 3), and 25 µM (curve 4) tubulin at 37 °C. The
excitation and emission wavelengths were 360 and 500 nm,
respectively. (B) Fluorescence emission spectra of indanocine (15
µM) in water (s), methanol (0), ethanol (9), propanol (O), butanol
(b), hexanol (4), octanol (2), and decanol (3). The excitation
wavelength was the same as in panel A.
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but shows intense fluorescence upon binding to tubulin (18).
Both indanocine and colchicine exhibit fluorescence upon
binding to tubulin, although they bear no structural similarity
to each other. Enhancement of fluorescence on binding of a
small ligand to a protein is generally explained as arising
due to the hydrophobic environment provided by the binging
site, thus lowering the probability of mobile dipole-dependent
internal conversion processes. The fact that solvents of low
polarity also facilitate such fluorescence enhancement is used
as a support for their mechanism. Therefore, the fluorescence
of indanocine in a series of n-alcohols was measured as
shown in Figure 2B. The fluorescence increased significantly
when the solvent was changed from methanol to n-octanol;
however, there was no significant blue shift in the observed
emission maxima. In this study, the binding of tubulin to
indanocine not only enhanced the fluorescence intensity of
the drug but also showed a large blue shift in the emission
maxima with an increase in the concentration of the protein.
It is an established fact that a molecule that exhibits a large
excited-state dipole renders its emission spectrum quite
sensitive to the relaxation of the solvents. For example,
prodan shows a large blue shift in its emission maxima in
the presence of proteins due to the reorientation of the solvent
molecules around the excited-state dipole (19). More studies
are required to establish whether a similar mechanism is also
responsible for the observed blue shift in indanocine
fluorescence upon tubulin binding.

Indanocine Binds ReVersibly at the Colchicine Site of
Tubulin. Indanocine has no structural resemblance with
colchicine or podophyllotoxin. However, it was reported that
indanocine competes with [3H]colchicine for its binding to
tubulin (11). Podophyllotoxin also competes for the colchi-
cine binding site of tubulin which has been ascribed to the
fact that both possess a trimethoxyphenyl ring (ring A, Figure
1). To determine whether indanocine binds at the colchicine
site of tubulin, indanocine was allowed to compete with
podophyllotoxin for binding to tubulin, and the data were
analyzed using a modified Dixon plot (Figure 3A). The
binding was studied fluorometrically using indanocine fluo-
rescence. The results presented in Figure 3A clearly indicate
that podophyllotoxin inhibited competitively binding of
indanocine to tubulin with a Ki value of ∼13.5 µM. Results
of a modified Dixon plot established that indanocine also
binds to the colchicine site of tubulin. Another important
property of colchicine-tubulin interaction is its irrevers-
ibility. While a structurally flexible colchicine analogue like
AC and podophyllotoxin bind to tubulin with a faster on
rate, the off rates of binding of colchicine and its analogues

are related to both the B-ring and its side chain at the C-7
position (20, 21). We are, therefore, curious to know whether
indanocine binding to tubulin is reversible like the AC-tubulin
interaction as both AC and indanocine are structurally
flexible, where two halves of the molecule can act as a
bifunctional ligand.

We measured the reversibility of indanocine binding to
tubulin using podophyllotoxin and a 4′-methoxy derivative
of podophyllotoxin (Figure 3B). This particular 4′-methoxy
position of the oxalone ring of podophyllotoxin is important
for the recognition of the binding site as its stereoisomer,
4′-methoxy derivative of podophyllotoxin is inactive [Podo-
OMe(III)] (Figure 1). Similarly, introduction of a sugar group
at the 4′-methoxy position makes an inactive compound,
etoposite (22). Therefore, the purpose of using these two 4′-
methoxy isomers of podophyllotoxin for this experiment was
to test the specificity of indanocine in recognizing the binding
site of podophyllotoxin. For this experiment, the indanocine-
tubulin complex was prepared by mixing 5 µM tubulin and
5 µM indanocine at 37 °C. The complex was divided into
different test tubes for testing with these analogues of
podophyllotoxin. Experiments were performed upon mea-
surement of the indanocine fluorescence in the presence of
podophyllotoxin derivatives. Results of such experiments are
shown in Figure 3B. As shown in this figure, the addition
of 100 µM podophyllotoxin or the active 4′-methoxy
derivative of podophyllotoxin [Podo-OMe(I)] to the complex
causes a roughly identical decrease in the initial fluorescence
of indanocine (60-65%), whereas 100 µM inactive analogue
[Podo-OMe(III)] has no effect on indanocine-tubulin fluo-
rescence (Figure 3B). These results indicate that the indano-
cine reversibly binds to the colchicine binding site and
recognizes all important points of attachment of active
podophyllotoxin to the colchicine site of tubulin.

Table 1: Fluorescence of Indanocine with Different Proteinsa

protein (30 µM in all cases)
fluorescence after binding

(arbitrary units)

tubulin 100b

bovine serum albumin ∼4
R-lactalbumin <4
ovalbumin <3
lactate dehydrogenase ∼6
carbonic anhydrase <6

a The indanocine concentration was 3 µM in all cases. The
drug-protein complex was prepared in PEM buffer and incubated at 37
°C for 15 min. Fluorescence was measured upon excitation at 360 nm.
b The fluorescence intensity in presence of 30 µM tubulin was
normalized to 100 for easy comparison of the results with those of other
proteins.

FIGURE 3: (A) Modified Dixon plot. The reaction mixtures contained
3 µM tubulin, indanocine, and podophyllotoxin at the indicated
concentrations and were incubated at 37 °C for 20 min. Excitation
and emission wavelengths were 360 and 500 nm, respectively. (B)
Binding of indanocine (5 µM) to tubulin (5 µM). In both cases,
after saturation, 100 µM podophyllotoxin-OMe(III) (inactive) and
100 µM podophyllotoxin-OMe(I) (active) were added and binding
was monitored fluorometrically. The arrows in the curve indicate
the time when podophyllotoxin analogues were added to the reaction
mixture.
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Inhibition of Tubulin Polymerization by Indanocine. We
tested the inhibition of tubulin polymerization upon indano-
cine binding using dimethyl sulfoxide (Me2SO). In vitro,
indanocine shows progressive concentration-dependent in-
hibition of tubulin self-assembly with an IC50 of 2.85 µM
(Figure 4). Under identical conditions, colchicine inhibited
tubulin self-assembly with an IC50 of ∼6.5 µM.

Stopped-Flow Fluorescence Kinetic Study. The kinetics
of the indanocine-tubulin association reaction was studied
monitoring the quenching of intrinsic protein fluorescence
under pseudo-first-order condition, with indanocine present
in an at least 10-fold molar excess. The tubulin fluorescence
emission at 335 nm (with excitation at 280 nm) was
quenched with time. A representative kinetic profile is shown
in Figure 5A. The rate constant was obtained by fitting the
data to a biexponential function. The apparent second-order
rate constant values are nearly (6.81 ( 1.2) × 103 M-1 s-1

for the major fast phase and (1.42 ( 0.6) × 103 M-1 s-1 for
the minor slow phase at 25 °C. The value obtained in the
case of a fast phase is ∼10 times slower than that of AC

binding to the tubulin (21). The apparent second-order rate
constant may be calculated according to kobs ) kapp[indano-
cine].

To measure the activation energy of indanocine-tubulin
interaction, the rate constant of the fast phase was measured
over a temperature range of 15-42 °C at a fixed indanocine
concentration (20 µM) and a fixed tubulin concentration
(1 µM). Figure 5B shows these data as an Arrhenius plot,
from which activation energy of 10.5 ( 0.81 kcal/mol was
obtained for the association reaction of indanocine-tubulin
binding. Reported values of the activation energy for
colchicine and AC-tubulin binding were 20.4 ( 0.3 and
13.0 ( 1.0 kcal/mol, respectively (21, 23).

Thermodynamic Parameters Using Isothermal Titration
Calorimetry. Thermodynamic parameters such as the Gibbs
free energy change (∆G), enthalpy change (∆H), and entropy
change (∆S) along with the number of binding sites (N) and
affinity constant (Ka) can provide useful information for
identifying fundamental forces involved in protein-drug
interaction. Moreover, determination of binding enthalpy as
a function of temperature yields changes in heat capacity,
which is associated with an interaction that provides a
valuable insight into the type of forces involved therein.
Thus, to decipher the nature of interaction of indanocine with
tubulin, the thermodynamics of binding of indanocine with
tubulin was performed using isothermal titration calorimetry
(ITC). Figure 6A shows the raw data of a calorimetric
experiment, which involved the titration of tubulin with
indanocine in PEM buffer at 30 °C. As is evident from the
figure, the binding reaction is characterized by a significant

FIGURE 4: Effect of indanocine on tubulin polymerization. Tubulin
(15 µM) was mixed with indanocine at different concentrations as
follows: 0 (9), 2.5 (b), 5 (2), and 10 µM (1) at 37 °C in PEM
buffer. Polymerization was recorded for 2000 s. Polymerization
was initiated by the addition of 10% dimethyl sulfoxide (Me2SO)
followed by the addition of 1 mM GTP.

FIGURE 5: (A) Indanocine binding to tubulin using stopped-flow
analysis. The best-fit line to the fluorescence decrease for the
binding of indanocine and tubulin at 25 °C is shown. The rate
constant of this compound was measured by mixing tubulin (1 µM)
with indanocine (10 µM), and the decrease in fluorescence was
recorded with time. Samples were excited at 280 nm, and emission
was measured at 335 nm. (B) Effect of temperature on the
association rate constant of indanocine binding to tubulin. Details
of the experiment are given in Materials and Methods.

FIGURE 6: Calorimetric titration of tubulin with indanocine. (A) Raw
data obtained from 25 injections (10 µL each) of indanocine
(130 µM) into 11 µM tubulin in 50 mM PEM buffer (pH 7). (B)
Nonlinear least-squares fit of the incremental heat per mole of added
ligand for the titration in panel A as a function of the molar ratio
use Origin 5.0.
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heat change. The drug exhibits a stoichiometry of 1 for
binding to tubulin. Figure 6B represents the enthalpy change
upon binding for each injection as a function of the
concentration of indanocine for each injection. The thermo-
dynamic parameters ∆G, ∆H, and ∆S are determined over
a range of temperatures from 20 to 33 °C and are presented
in Table 2. The affinity constant of the binding is 2.8 × 105

M-1 at 25 °C.
Here both ∆H and ∆S exhibited clear temperature

dependence (Table 2). The free energy of binding (∆G) did
not vary greatly with temperature, but ∆S varied in a
compensatory manner with ∆H. Enthalpy-entropy compen-
sation is associated with solvent reorganization accompany-
ing protein-ligand interactions (24, 25). A linear relationship
of ∆H with T∆S with a slope exactly equal to 1 is an
indication of complete compensation. Figure 7A shows an
enthalpy-entropy compensation plot depicting the variation
of ∆H as a function of T∆S. The slope d∆H/d(T∆S) was
equal to 0.895. Therefore, we observed partial enthalpy-
entropy compensation for drug binding. Such a compensatory
effect is well-known for protein-ligand binding (26).

The heat capacity change at constant pressure (∆Cp) is
determined using Kirchoff′s equation as ∆Cp ) d∆H/dT. A
plot of the enthalpy change (∆H) of indanocine-tubulin
binding as a function of temperature yields a ∆Cp of -175.1
cal mol-1 K-1 (Figure 7B). This value of ∆Cp for
indanocine-tubulin interaction lies in between the values
of ∆Cp reported for AC-tubulin and podophyllotoxin-
tubulin interaction [∆Cp(podo) ) -590.3 cal mol-1 K-1, and
∆Cp(AC) )-69.3 cal mol-1 K-1] (22). The significantly lower
∆Cp value observed for AC binding indicates a smaller extent
of surface-surface association between the protein-drug
interfaces and the predominant involvement of hydrogen
bonding during the reaction.

DISCUSSION

Indanocine, a synthetic antimitotic indanone, possesses
unique properties for functioning as an ideal chemothera-
peutic agent as it selectively kills malignant B cells at
doses that do not affect normal B cells (11). Indanocine
is cytotoxic to multidrug resistant cancer cells at the G2/M
boundary and induces apoptotic cell death (11). It interacts
with tubulin at the colchicine binding site, potently
inhibiting microtubule polymerization (11). While many
properties of indanocine at the cellular level are reported,
its binding with purified target protein tubulin has not yet
been reported.

Fluorescence spectroscopy is a powerful tool for studying
ligand-protein interactions. We observed that indanocine
which fluoresces very poorly in aqueous solution shows
intense fluorescence in the presence of tubulin. Like AC,
binding of indanocine to tubulin is instantaneous at room
temperature. Indanocine not only shows higher emission

intensity in the presence of tubulin but also shows a
significant blue shift of the drug emission maxima. It is
commonplace in the interpretation of protein binding-induced
enhancement of small ligands to ascribe these effects to the
hydrophobic nature of the binding site because similar effects
can be seen in nonpolar solvents. We have tested indanocine
fluorescence in n-alcohol series starting from methanol to
octanol. While a significant increase in emission intensity is
observed in higher alcohols, there is no significant shift in
emission λmax.

A number of examples exist in the literature that suggest
that immobilization-induced enhancement of fluorescence
resulting from protein binding may be more prevalent than
generally imagined (27, 28). Indanocine is a flexible
molecule in which two halves of the molecules are
connected through a single bond. Therefore, the binding
of indanocine to tubulin will immobilize the flexible drug
molecule at the binding site. This structural flexibility of
indanocine is comparable with that of AC, a colchicine
analogue which shows no detectable fluorescence in
aqueous solution. Like indanocine, AC also shows en-
hanced fluorescence intensity in normal alcohol series but
no shift in emission λmax. Most significant differences in
their binding properties are large blue shifts in emission
λmax of indanocine fluorescence when titrated with tubulin,
while there is no significant shift detected when AC is
titrated with tubulin under identical conditions. It is known
that the shifts in emission λmax are due to molecular
motion; i.e., reorientation of the solvent molecules around
the excited-state dipole and prodan is a classic example
of such a phenomenon (19). Whether such a phenomenon
is also operating here needs further work on the mecha-
nism of observed fluorescence.

Because of the greater sensitivity of the quenching signal,
the kinetics of the indanocine-tubulin association reaction
was studied by monitoring tryptophan fluorescence under
pseudo-first-order conditions, and the best fit was obtained
with a biexponential function. The apparent second-order

Table 2: Thermodynamic Parameters of Indanocine-Tubulin
Interactions

temp
(K)

∆H
(cal/mol)

∆S
(cal mol-1 K-1)

T∆S
(cal/mol)

∆G
(cal/mol)

∆Cp

(cal mol-1 K-1)

293 -1381 ( 80.4 20.76 6082.68 -7463.68 -175.1
298 -2558 ( 100.1 16.35 4872.30 -7430.30
306 -3632 ( 128.8 13.18 4033.08 -7665.08
310 -4507 ( 543.7 8.165 2531.15 -7038.15

FIGURE 7: (A) Enthalpy-entropy compensation plot for the binding
of indanocine to tubulin. Dependence of ∆G (O) and ∆H (9) as a
function of T∆S. (B) Temperature dependence of the enthalpy
change (∆H) of the indanocine-tubulin interaction as a function
of T.
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rate constant values are nearly (6.81 ( 1.2) × 103 M-1 s-1

for the major fast phase and (1.42 ( 0.6) × 103 M-1 s-1 for
the minor slow phase at 25 °C. This value is ∼10 times
slower than that of AC binding to tubulin (11). The binding
kinetics was also studied by monitoring the drug fluores-
cence. In this case, the drug fluorescence data were also
resolved into two phases; the apparent second-order rate
constant values are nearly 14.4 × 103 M-1 s-1 for the major
fast phase and 1.39 × 103 M-1 s-1 for the minor slow phase.
In both cases, the rate constant obtained in the slow phase
is similar. However, the value of the fast phase is ∼2 times
higher when measured using drug fluorescence. One of the
possibilities for such differences could be due to the fact
that both tubulin and indanocine concentrations are different
in two experiments. For the drug-induced fluorescence, the
concentrations of tubulin and indanocine used are 3 and 30
µM, respectively. Therefore, indanocine-tubulin binding
follows the biphasic kinetics like the colchicine-tubulin
interaction (29, 30). It is already known that colchicine can
distinguish different tubulin isotypes and binds them with
different affinities, which accounts for the origin of the
biphasic kinetics observed in unfractionated tubulin (31-33).
In an analogous manner, indanocine binding follows biphasic
kinetics. Therefore, this drug can distinguish different iso-
forms of tubulin.

In this study, the thermodynamics of the indanocine-
tubulin interaction was studied across a range of tempera-
tures. It is evident from these experimental results that the
reaction is enthalpy-driven with a large negative ∆Cp value
of -175.1 cal mol-1 K-1. The binding of drug to tubulin
was mainly driven by a favorable change in ∆H. Thus, van
der Waals interaction and hydrogen bonding might play a
prominent role in the formation of the drug-tubulin complex
as has been noted with several other protein-ligand interac-
tions (34). The large ∆Cp value (-175.1 cal mol-1 K-1) of
indanocine-tubulin interaction confirms the establishment
of a hydrophobic contact between the drug and protein
interfaces. In addition, the enthalpically driven reaction
suggests the presence of a hydrogen bonding interaction in
the binding process.

A large negative value of ∆Cp is usually taken as an
indicator of a dominant hydrophobic effect related to the
binding process. For interpreting our data quantitatively,
the empirical method of Sturtevant (35) was used to
estimate the hydrophobic and intramolecular vibrational
contribution to ∆Cp for indanocine (Table 3). As a result,
the hydrophobic contribution to ∆Cp was found to be
greater than the calculated vibrational contribution, cor-
responding to the prediction that the negative ∆Cp might
originate from a favorable hydrophobic contribution. The
hydrophobic effect generally brings two nonpolar surfaces
closer together and depletes water from the binding

surface, resulting in a positive change in ∆S. However,
here we had the lowering of ∆S with an increase in
temperature. Thus, there must be some other factors that
overcome the hydrophobic effect, thereby making a
smaller contribution to ∆S. The empirical method of
Sturtevant (35) was again used to estimate the hydrophobic
and intramolecular vibrational contribution to ∆S (Table
3). The sign of the calculated hydrophobic contribution
to ∆S was positive, whereas that of the calculated
vibrational contribution to ∆S was negative. With an
increase in temperature, the vibrational contribution to
entropy increased but the hydrophobic contribution re-
mained more or less constant, thereby leading to the
lowering of ∆S. The enthalpy-driven binding of indanocine
to tubulin with an increase in temperature suggests that
van der Waals interaction and hydrogen bonding between
specific groups, together with an increased hydrophobic
contribution, gave rise to such a negative value of ∆Cp.

Finally, from this study, one is curious to know how
structurally dissimilar drugs recognize the same binding
site. Ultimately, it is the pharmacophoric attachment points
and interactions between different parts of the drugs and
the amino acid residues of the binding site that determine
the specificity of an interaction. While docking and
molecular dynamics can give an idea of interactions using
the crystal structure of the colchicine-tubulin complex
as a template, the true picture of interactions requires the
crystal structure of the tubulin-indanocine complex.
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