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ABSTRACT: Tubulin, an α,β heterodimer, has four distinct
ligand binding sites (for paclitaxel, peloruside/laulimalide,
vinca, and colchicine). The site where colchicine binds is a
promising drug target for arresting cell division and has been
observed to accommodate compounds that are structurally
diverse but possess comparable affinity. This investigation,
using two such structurally different ligands as probes (one
being colchicine itself and another, TN16), aims to provide
insight into the origin of this diverse acceptability to provide a
better perspective for the design of novel therapeutic
molecules. Thermodynamic measurements reveal interesting
interplay between entropy and enthalpy. Although both these
parameters are favourable for TN16 binding (ΔH < 0, ΔS > 0), but the magnitude of entropy has the determining role for
colchicine binding as its enthalpic component is destabilizing (ΔH > 0, ΔS > 0). Molecular dynamics simulation provides
atomistic insight into the mechanism, pointing to the inherent flexibility of the binding pocket that can drastically change its
shape depending on the ligand that it accepts. Simulation shows that in the complexed states both the ligands have freedom to
move within the binding pocket; colchicine can switch its interactions like a “flying trapeze”, whereas TN16 rocks like a “swing
cradle”, both benefiting entropically, although in two different ways. Additionally, the experimental results with respect to the role
of solvation entropy correlate well with the computed difference in the hydration: water molecules associated with the ligands are
released upon complexation. The complementary role of van der Waals packing versus flexibility controls the entropy−enthalpy
modulations. This analysis provides lessons for the design of new ligands that should balance between the “better fit” and
“flexibility”’, instead of focusing only on the receptor−ligand interactions.

Microtubules are long, filamentous, tube-shaped protein
polymers that are common to all eukaryotic cells, being

a key component of the cytoskeleton. Microtubules are
composed of α,β tubulin heterodimers (∼50 kDa each).
They control several important cellular functions, such as
maintenance of cell shape, intracellular transport of vesicles, cell
signaling, cell division, and mitosis.1 In particular, the role in
mitosis and cell division has been exploited to establish tubulin
and microtubules as an attractive target for the development of
anticancer drugs.2 Such antimitotic drugs have been shown to
bind specifically at one of the four major drug binding sites on
tubulin, which are known as the paclitaxel, peloruside/
laulimalide, vinca, and colchicine binding sites.3,4 Among
them, the binding of colchicine and vinca destabilizes the
microtubule, while paclitaxel and peloruside/laulimalide bind-
ing stabilizes it. Although the paclitaxel and vinca alkaloids have
exhibited clinical utility for the treatment of cancer, their

applications have been limited because of the rapid emergence
of drug resistance.5

Colchicine, being the classic paradigm of an antimitotic drug,
is one of the compounds used extensively to understand the
properties and function of tubulin and microtubules in
eukaryotic cells.1 Colchicine binds at the interface of dimeric
tubulin with high affinity, and the specificity of the drug−
protein interaction is comparable to that of the enzyme−
substrate reaction (Figure 1). Although colchicine generally
binds to the tubulin dimer, there are reports showing its
binding with the monomer. Banerjee et al. have earlier reported
that colchicine can bind the tubulin monomer at a very low
protein concentration (<0.2 μM) where its binding is faster and
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partially reversible.6 The colchicine molecule is composed of
three rings, a trimethoxy benzene ring (A-ring), a methoxy-
tropone ring (C-ring), and a seven-member ring (B-ring)
anchoring A- and C-rings and having an acetamido group at its
C7 position (Figure 2). Although a large amount of binding

data for different structural analogues of colchicine have been
collected, the structural specificity of colchicine for its binding
site at tubulin is not yet well understood. In the case of the A-
ring, all three methoxy groups are crucial for tubulin binding
and their substitution results in a many-fold reduction in
potency.7 Thus, the insertion of a sugar group into the A-ring of

colchicine causes a total loss of the activity of the molecule.7 An
A-ring analogue alone, such as mescaline, binds tubulin with a
very reduced affinity (∼103 M−1).8 Similarly, a C-ring analogue
of methoxy-tropone also binds tubulin with a lower affinity.9 A
structure−activity study established that the presence of both
A- and C-rings is the minimal structural requirement for its
high-affinity binding to tubulin.10 Thus, AC [2-methoxy-5-
(2′,3′,4′-trimethoxyphenyl)tropone] is a colchicine analogue
containing the minimal structural requirement that binds
tubulin with a high affinity and elicits antimitotic activity.10−12

The essential structural requirement for the recognition of the
C-ring is yet to be understood. In some cases, it is very
stringent as observed in the case of isocolchicine (Figure 2).13

Isocolchicine and colchicine share identical A-rings, while the
relative positions of the methoxy and carbonyl groups in the C-
ring are interchanged (Figure 2). This structural change
generated an inactive analogue of colchicine. On the other
hand, the replacement of the seven-membered tropone (C-
ring) with a six-membered aromatic ring with a different
substitution, such as allocolchicine, inhibits tubulin self-
assembly.14

As mentioned earlier, the simplest colchicine analogue
containing A- and C-rings constitutes the essential scaffold
for tubulin binding.10−12 AC has a more flexible structure,
where the free movement of both A- and C-rings is possible.
The addition of the B-ring, which anchors A- and C-rings,
causes their immobilization, producing an analogue that is less
flexible than AC. These structural changes as well as the
addition of a side chain at position C7 affect the kinetics (on
rate, off rate, activation energy, and reversibility)11,12,15−17 and
the thermodynamic properties (conformational entropy) of the
binding interaction. On the other hand, a synthetic small
molecule, termed TN16 (Figure 2), which targets the same
binding site of colchicine, binds the tubulin dimer reversibly at

Figure 1. Cartoon representation showing an enlarged view of the colchicine binding site with the α and β subunits colored cyan and green,
respectively. The T5 (yellow) and T7 (blue) loops and H7 (orange) and H8 (red) helices and the two drugs, colchicine (pink spheres) and TN16
(slate blue spheres), are marked. The full structure of the dimer is depicted in the inset.

Figure 2. List of antimitotic compounds known to bind at the
colchicine binding site.
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30 °C; significant binding occurs even at 0 °C. The crystal
structures of the complexes [Protein Data Bank (PDB) entries
1SA0 and 3HKD for tubulin−colchicine and tubulin−TN16
complexes, respectively] indicate that the ligands have different
topology and coordination in the binding pocket.18 TN16 has
no notable structural resemblance with colchicine, yet it shares
the binding site of colchicine. Interestingly, there are several
other ligands that compete for the colchicine binding site, being
structurally dissimilar to each other.19 This observation is not
only intriguing but also puzzling with respect to the empirical
deduction of structural features for a better fitting ligand in the
colchicine binding site.
Even though the colchicine binding site is the most studied

of the four well-characterized drug binding sites of tubulin, the
use of colchicine as a chemotherapeutic agent for the treatment
of cancer suffers because of its toxicity at the effective drug
concentrations.20 It became a challenge for the drug discoverers
to explore suitable molecules that will bind to the same site and
cause less toxicity. The crystal structure of the tubulin−
colchicine complex21 provides the details of the pharmaco-
phoric attachment points at the colchicine binding site. In fact,
the drugs that target the colchicine binding site are currently
undergoing intensive investigation as vascular targeting agents
for cancer therapy.22,23 There are other compounds that also
target the colchicine binding site, but interestingly, they either
possess only a partial structural similarity to colchicine or are
completely dissimilar (Figure 2). Among the highly promising
drugs, combrestatin possesses partial structural similarity to
colchicine, whereas methoxyestradiol and E7010 are remarkably
different; all of them are under clinical trials for their
effectiveness as inhibitors.24,25 The search for potential
anticancer drugs targeting tubulin is at present a hot spot of
research, striving for an understanding of the mechanism
through which the drugs achieve their binding to the pocket,
and the factors that tune the affinity.26

TN16 has long been recognized as a potential inhibitor of
microtubule assembly.27Although the crystal structure of its
complex with tubulin is known,18 only limited information
about the thermodynamics and binding mechanism is available.
This study investigates the details of the interactions and the
thermodynamics of binding, underpinning the critical differ-
ences employed in accommodating colchicine and TN16 in
tubulin. The experimental data indicated a significant improve-
ment in binding enthalpy that correlates with the deeper burial
of TN16 relative to that of colchicine seen in the crystal
structures (Table 1). For entropic stabilization, there must be a
crucial role of motions both for the ligands and for the residues
in the receptor that cannot be judged from the static structural
model and requires the investigation of dynamics. The
molecular dynamics (MD) of these structures have been
simulated to investigate the characteristics of the ligand
motions and the flexibility of the receptor pocket to

complement the experimental results for the rationalization of
the role of entropy in the tubulin−drug interaction.

■ METHODS
Materials. Colchicine, TN16, PIPES, EGTA, PMSF, DTT,

GTP, glutamic acid, and glycerol were purchased from Sigma
Aldrich (St. Louis, MO). All other reagents were of analytical
grade, and doubly distilled water was used throughout the
experiment.

Tubulin Isolation and Estimation. Tubulin was isolated
from goat brains by two cycles of a temperature-dependent
assembly and disassembly process. Briefly, tubulin with
microtubule-associated proteins (MAPs) was isolated from
crude brain extract by two cycles of polymerization using 4 M
glycerol in PEM buffer with 1 mM GTP. Pure tubulin was then
separated from MAPs by two additional cycles of polymer-
ization by 1 M glutamate (GEM).28 The protein was stored at
−80 °C. The protein concentration was determined by the
Lowry method using bovine serum albumin as the standard.
Tubulin preparations used in this study contained a natural
mixture of isoforms. Calorimetry measurements were taken
with this unfractionated tubulin, and therefore, the binding
parameters obtained here are averages for the different
isoforms.29

Isothermal Titration Calorimetry (ITC). ITC was used to
determine the thermodynamic parameters of tubulin−TN16
interactions. Tubulin was extensively dialyzed in PEM buffer in
the presence of GDP (to offer stabilization), and the ligand
(TN16) was dissolved in the last dializant. The pH of the
tubulin and the ligand solutions was made identical before they
were loaded into the calorimeter. A typical titration experiment
involved 13 injections of ligand (20 μL aliquots per shot), at 3
min intervals, into the sample cell (volume of 1.4359 mL)
containing tubulin. The titration cell was kept at a constant
temperature, and the contents were stirred continuously at 310
rpm. The data were then analyzed to determine the binding
stoichiometry (N), affinity constant (Ka), and thermodynamic
parameters of the reaction, using Origin version 5.0.

Computational Modeling and Simulation. The starting
structures for the simulation were taken from the Protein Data
Bank (PDB): tubulin bound to TN16 (PDB entry 3HKD, 3.65
Å resolution) and tubulin bound to colchicine (PDB entry
1SA0, 3.5 Å resolution). Chains A and B of the tubulin
heterodimer forming a complex with colchicine and TN16 were
considered for the simulation. All calculations were performed
using the Sander module of AMBER 10.30 The parm99 force
field was used, and the small molecules (colchicine and TN16)
were parametrized using the ‘Antechamber’ module of AMBER.
The Generalized Born Surface Area (GBSA) implicit solvent
model was used with parameters described by Tsui.31 Systems
were energy minimized and then heated to 300 K, followed by
equilibration. The production run was conducted using
Langevin dynamics simulation for 10 ns each, for the
complexed, uncomplexed, monomeric, and dimeric states as
well as the uncomplexed ligands, whose details are listed in
Table S1 of the Supporting Information. The nonbonded cutoff
distance was set to 16 Å, and a 2 fs integration time step was
used, applying SHAKE to freeze the vibrations of the bonds
involving hydrogen. The coordinates were saved after each 2 ps.
The figures are generated using Pymol (http://www.pymol.
org/), and movies were prepared using VMD (http://www.ks.
uiuc.edu/Research/vmd/). The solvent accessible surface area
(ASA) was calculated using NACCESS (http://www.bioinf.

Table 1. Thermodynamic Parameters for the Binding of
Tubulin to TN16 and Colchicine at Room Temperature

parameter TN16 colchicine11,15

N (drug:protein
stoichiometry)

0.86 ∼1

Ka (binding constant, M−1) 2.1 × 105 ± 1 × 104 1 × 107 ± 1 × 105

ΔH (kcal/mol) −1.7 ± 0.58 10.0
TΔS (kcal/mol) 5.7 19.6
ΔG (kcal/mol) −7.4 −9.6
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manchester.ac.uk/naccess/) and POPS (Parameter Optimised
Surfaces)32 web server (http://www.cs.vu.nl/∼ibivu/
programs/popswww). The cavity analysis and visualization
were conducted using CASTp (Computer Atlas of Surface
Topography of proteins)33 (http://sts.bioengr.uic.edu/castp/
calculation.php/).

■ RESULTS
Thermodynamics of Tubulin−TN16 Interaction. The

thermodynamics of tubulin−colchicine binding are available in
literature and are summarized in Table 1. In brief, colchicine
binding (ΔG ∼ −9.6 kcal/mol) is dominated by the entropic
term (TΔS = 19.6 kcal/mol), as the enthalpy of binding is
unfavorable (ΔH > 0).11,15 The complexation reaction for
tubulin−TN16 interaction was found to be exothermic in
nature (Figure 3a), and the values of the binding free energy

(ΔG) and the equilibrium constant (Ka) (Table 1) indicate
moderate binding (ΔG ∼ −7.4 kcal/mol). A plot of the change
in enthalpy (ΔH) of tubulin−TN16 binding as a function of
temperature (Figure 3b) yields a heat capacity change (ΔCp) of
−0.19 kcal mol−1 K−1 (Table 2). For the formation of a
complex (e.g., protein−protein, protein−ligand, etc.), ΔCp is
usually negative, as these types of interactions are associated
with the burial of surface at the interface of binding and thus
the removal of interfacial water.34 Reflecting a similar
mechanism, the negative value of ΔCp observed for TN16

indicates that it is associated with a large degree of surface−
surface association (between the protein and the drug), or a
change in structural packing that results in the change in surface
area. The estimation of ΔCp for binding of colchicine to tubulin
could not be measured by ITC because tubulin−colchicine
interaction is very slow (poor on rate) and the equilibrium is
difficult to achieve after each addition of colchicine during the
titration. Therefore, the equation by Murphy et al. was adopted
to empirically calculate the ΔCp for this system.

35

Δ = Δ Δ + Δ ΔC c cASA ASAp np np p p (1)

where ΔCp has two components, one positive and one
negative; the positive component arises from the burial of
polar surfaces (ΔASAp), whereas the negative component
results from burial of apolar surfaces (ΔASAnp). The accessible
surface area (ASA) is defined as the surface generated by rolling
a probe (a sphere with a radius of 1.4 Å) over the protein
structure.36 The equation also includes Δcp and Δcnp, which are
empirically determined coefficients of ΔASAp and ΔASAnp with
values of 0.43 × 10−3 and −0.26 × 10−3 kcal/K, respectively.37

Following eq 1, the ΔCp for the tubulin−colchicine interaction
was found to be −0.28 kcal mol−1 K−1, which is more negative
than the experimental value (−0.19 kcal mol−1 K−1) for the
tubulin−TN16 complex (Table 2). For the latter complex, the
theoretical ΔCp value (−0.24 kcal mol−1 K−1) closely resembles
the experimental one, the variation being within the permissible
range.37

In the uncomplexed state, colchicine possesses a relatively
rigid structure, while TN16 has a flexible configuration (Movies
SM1 and SM2 of the Supporting Information), in which the
free rotations of both rings are feasible. The structural flexibility
of a molecule largely determines the kinetics (on rate vs off
rate) and the energetics of protein−drug interaction. Good
examples of such consequences are tubulin−TN16 and −AC
interactions. It is reported that AC binds tubulin instanta-
neously and reversibly,12 and the binding occurs even at a very
low temperature (0 °C). Thermodynamic components of
protein−drug binding are largely modulated by the flexibility of
the ligand molecule, and it has been demonstrated that for a
flexible ligand conformational entropy terms could make the
most significant contribution.38 Such a possibility has been
investigated for colchicine and TN16 by estimating the
conformational entropy in the following way. The total
entropic contribution associated with a binding reaction can
be expressed as the sum of three terms.37,39

Δ = Δ + Δ + ΔS S S Stot conf solv r/t (2)

where ΔSsolv represents the change in entropy resulting from
solvent release upon binding, ΔSconf is the configurational term
reflecting the change in conformational fluctuations of the
molecular structures, and ΔSr/t describes the loss of transla-
tional and rotational degrees of freedom when a complex is

Figure 3. Titration of tubulin with TN16 by ITC. (a) Heat evolved
per mole of TN16 vs the molar ratio (ligand:tubulin) for each
injection. The titration was conducted in 50 mM PEM buffer (pH 7).
(b) Temperature dependence of the enthalpy change (ΔH) of
tubulin−TN16 interaction.

Table 2. Effect of Temperature on Different Thermodynamic
Parameters of TN16 Binding; Experimental (exptl) and
Calculated (calcd)

temp
(K)

ΔH
(kcal/mol)

TΔS
(kcal/mol)

ΔCp
exptl

(kcal mol−1 K−1)
ΔCp

calcd

(kcal mol−1 K−1)

298 −0.7 −6.5 −0.19 −0.24
302 −1.7 −5.7
307 −2.2 −4.6
310 −3.1 −3.8
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formed from two molecules free in solution. The numerical
value of ΔSr/t is close to the critical entropy of −8 × 10−3 kcal
mol−1 K−1.40 ΔSsolv can be expressed at a given temperature (T)
by the following equation.37

Δ = ΔS C T Tln( / )psolv s (3)

where Ts is the temperature at which there is no contribution of
solvent to the hydrophobic entropy change and is equal to 112
°C (385 K).41 If ΔCp = −0.19 kcal mol−1 K−1, T = 298 K, and
Ts = 385 K, ΔSsolv for tubulin−TN16 interaction is 0.048 kcal
mol−1 K−1. Generally, it is hypothesized that a favorable
desolvation entropy is directly correlated with the clustering of
the hydrophobic group that results in solvent reorganization
and release of water from the complex interface. For this system
also, as discussed in the next section, the favorable ΔSsolv
correlates with the release of water of hydration for both
ligands. Finally, the conformational entropy ΔSconf is calculated
by rearranging eq 2 as

Δ = Δ − Δ − ΔS S S Sconf tot solv r/t (4)

The conformational entropy change is generally unfavorable for
a complex formation process, as the binding is normally
accompanied by the loss of configurational and rotational
degrees of freedom for both the drug and the protein molecule.
Therefore, a strategic design of ligand would try to restrain the
ligands conformationally to minimize this penalty by bridging
the difference in flexibility of uncomplexed and complexed
states. Table 3 shows that although ΔSsolv is the primary factor
that makes the processes entropy driven, ΔSconf has
considerable effect in modulating the value of ΔStot. Here,
ΔSconf suffers a minimal penalty for colchicine. To benchmark,
the results were compared with the data for indanocine (Table
3), which is also known to bind at the colchicine binding site.42

The conformational entropy value of TN16 closely resembles
that of indanocine, and the two molecules have a structural
resemblance (Figure 2). The similar changes in conformational
entropy are reasonable as both the molecules possess significant
rotational and vibrational degrees of freedom in the free state,
which are suppressed to similar extents upon complexation.
Colchicine exhibited a smaller change in conformational
entropy than TN16 or indanocine, and this can be attributed
to fewer losses of vibrational and rotational degrees of freedom
upon formation of the complex. For tubulin−TN16 complex
assembly, the unfavorable conformational entropy is largely
compensated by a favorable solvent contribution that leads to a
moderate entropic gain, which ultimately governs the binding
reaction.
It is clear that tubulin−TN16 binding is associated with

hydrophobic interaction that releases water molecules, freeing
their degrees of freedom that were restricted otherwise. An
additional contribution arises from the change in internal van
der Waals packing and the change in hydrogen bonding
interactions, which is reflected in a favorable enthalpy (ΔH < 0)

of binding for TN16 compared to an unfavorable (ΔH > 0)
contribution for colchicine.

Computational Modeling and Simulations. Each
tubulin subunit consists of three domains, the N-terminal
nucleotide-binding domain (residues 3−224), the intermediate
domain, and the C-terminal domain (residues 261−383). The
crystal structure of colchicine-bound tubulin includes the α,β
heterodimer of tubulin with the drug bound at the interface of
the α and β subunits, although the major part of the interaction
takes place with the intermediate domain of the β subunit with
a partial overlap with the T5 loop of the α subunit (Figure 1).
The analysis of the structures (at the end of the simulation) of
tubulin−colchicine and tubulin−TN16 complexes shows that
TN16 spans between 6 and 18 Å, whereas colchicine spans
between 15 and 28 Å from the center of mass of β-tubulin
(Figure S1 of the Supporting Information), which reveals that
TN16 is deeply buried (Figure 4a) in the β subunit. Being
buried, it makes contacts with the secondary structural
elements of the intermediate domain, establishing new
interactions with the nucleotide-binding (N-terminal) domain,
whereas colchicine is stabilized near the α−β interface (Figure
4a), showing much less access to the core of tubulin. The
snapshots taken at the end of 10 ns simulations were
superimposed with respect to tubulin to assess the relative
positions of colchicine and TN16. It showed only limited
overlap, the A-ring of colchicine overlapping with TN16
(Figure 4b). From the topological point of view, as well as from
the dynamics in the uncomplexed states (Movies SM1 and SM2
of the Supporting Information), it is evident that TN16 is much
more flexible than colchicine, which allows it to easily penetrate
the interior of the β subunit (discussed later). TN16 binding
mostly involves β strands, S4 (residues 134−140), S5 (residues
166−171), and S6 (residues 200−204); all three strands are at
the core of the β subunit. Transient interactions are observed
with the α subunit with only Thr179 in the T5 loop being
involved. As shown in Figure 4a, while the A-ring of TN16 is
buried deep inside the pocket, the B- and C-rings of colchicine
face outside, interacting with the T5 loop of the α subunit.18

The alteration of the T5 loop also occurs because of such
interactions.
The colchicine binding site is endowed with features that

allow it to accommodate many structurally unrelated drugs.
The difference in the mode of binding of colchicine and TN16
in crystal structures and the complementary differences in the
receptor’s surface (Figure 4a) gave the initial clue about the
plasticity of the binding pocket, which required follow-up
investigations into its accessible conformational space. Molec-
ular dynamics simulation has been used to understand the
molecular movements in complexes of TN16 and colchicine
with the β subunit (which provides most of the binding
contacts to the ligand) and the dimer of tubulin. In the dimeric
state, the interface is already in a sterically restricted situation;
therefore, the conformational sampling using molecular

Table 3. Deconstruction of the Entropic Term (in kilocalories per mole per kelvin) into Its Components for the Binding of
TN16, Colchicine, and Indanocine to Tubulin

drug ΔCp ΔStot ΔSr/t ΔSsolv ΔSconf
TN16 (exptl) −0.19 21.6 × 10−3 −8 × 10−3 48.1 × 10−3 −18.4 × 10−3

TN16 (calcd) −0.24 21.6 × 10−3 −8 × 10−3 61.5 × 10−3 −31.9 × 10−3

colchicine (calcd) −0.28 60 × 10−3 −8 × 10−3 72.1 × 10−3 −4.1 × 10−3

indanocine (exptl)42 −0.18 16.3 × 10−3 −8 × 10−3 44.8 × 10−3 −20.5 × 10−3

aValues for colchicine and TN16 (calcd) are based on the calculation of ASA.
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dynamics would demand a much longer computing time, and
to some extent, the required length of simulation to witness
such transitions is nontrivial to predict. To get an idea of the
possible states that the binding pocket can access, an enhanced
sampling was necessary within the window of the trajectories of
this report, i.e., ∼10 ns. There are several methods for
accelerating the molecular dynamics, e.g., elevated temperature,
potential scaling, etc., each of which is associated with some
degree of unphysical situations and/or with chances of overall
structural disruption.43,44 Alternatively, in our protocol, the
steric restriction was released by removing the α subunit and
sampling was performed. It was previously reported that tubulin
at a low concentration can exist as a monomer and can also
bind the ligand (e.g., colchicine),6 but its structural validation

was not available until now. As a result, both the monomeric (β
subunit) and the dimeric states of the molecule were used for
the sampling of the conformational space.

β Subunit of Tubulin Complexed with Colchicine. The
simulation of the monomeric structure (β subunit) reveals the
structural adaptability, showing faster movements of the ligand
within the binding pocket and the complementary changes in
the pocket’s shape. In the crystal structure, colchicine is
surrounded by loop T7 (residues 244−251) and helices H7
(residues 224−243) and H8 (residues 252−260) of the β
subunit (Figure 5). During the simulation, the ligand crawls

along the binding site creating and breaking interactions with
different residues. The movements of the ligand also induce
complementary changes in the binding pocket shaping the
pathway, as shown in Figure S2 of the Supporting Information,
which distils out the inherent flexibility of the binding pocket.
Colchicine moves farther from its initial binding site to occupy
a new interaction site, the center of mass of the drug shifting by
8.1 Å. Several residues that lie within 4.5 Å of colchicine, such
as Gly237, Val238, Thr239, Thr240, Arg243, Gln247, Asn249,
Ala250, Val318, and Val354, are exclusive to the starting
structure (Figure 5), but later during the simulation, residues
such as Pro261, Leu313, Ile347, Asn361, Pro348, and Gly379
come closer to the drug, creating a more hydrophobic
environment. The rmsd (root-mean-square deviation) gives
an idea about the gross distortion or deviation of the structure
compared with a reference frame, usually the starting structure.
It also gives the average deviation for the whole structure at
each time point of the simulation and measures how the
structure changes over time. The rmsd of the tubulin backbone
shows only marginal differences in magnitude, 2.7 and 3.2 Å at
the end of 10 ns for the colchicine-bound and uncomplexed β
subunit, respectively. The backbone (Cα, C, and N) rmsd of
the residues around the binding pocket (∼2.7 Å) shows an
almost stabilized structure for the uncomplexed tubulin,
whereas an increase in the rmsd (from 3.3 to 3.7 Å) is
observed during 7−10 ns of the simulations for the colchicine-
bound structure; this indicates that the colchicine-bound
complex undergoes more structural changes compared to the
overall adjustment in the backbone.

Figure 4. (a) Difference in the modes of binding of TN16 and
colchicine. The two complexes, PDB entries 1SA0 and 3HKD, were
first superimposed, and then the surface of one structure was taken.
The surface has been kept translucent to show how colchicine and
TN16 bind differently; one binds near the surface, and the other is
more buried. The inset shows the actual surface with the drug viewed
from the top (the side of the α subunit). (b) Visualization of the
orientation of the ligands obtained by superimposition of the tubulin
molecule in PDB entries 1SA0 and 3HKD.

Figure 5. Environment of colchicine in the β subunit at the start of the
simulation (corresponding to the crystal structure). The protein is
shown as a pale green cartoon; the T7 loop is colored blue, and helices
H7 and H8 are colored orange and pale red, respectively. Colchicine is
represented as red sticks. The residues that fall within 4.5 Å of the drug
are colored yellow.
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The ligand moves away from the initial binding site to
occupy a new location. To emphasize this, we looked at the
surface accessibilities of the binding site. The initial binding site
was defined by the residues that are within 4.5 Å of the drug at
the start of the simulation; for the final binding site, the
structure was taken after simulation for 10 ns. The accessible
surface area (ASA) of the initial binding site increases over the
simulation time from 269 to 505 Å2 (Figure S3 of the
Supporting Information).
To obtain an estimate of the ligand-induced change in

intraprotein interactions, the total molecular mechanical energy
(Emm) of the receptor was estimated (averaged over the last 5
ns of each trajectory). The value was −6182 ± 82 kcal/mol
(colchicine bound) versus −6172 ± 78 kcal/mol (no ligand),
indicating that there is a marginal change in the internal
stability upon drug binding. There is thus little (or marginal)
gain in internal packing induced by ligand binding.
As it was reported that the conformational change in the T7

loop is responsible for colchicine binding,18 we studied the
changes in the loop over the simulation period. At the starting
point of the simulation, the T7 loop becomes stretched
compared to its unbound conformation and the H7 and H8
helices move closer to β sheets S4 and S5, shrinking the binding
cavity. Over the simulation, the T7 loop moves farther from the
binding site to accommodate the movement of the drug, as a
result of which helices H7 and H8 move away from each other.
With a longer simulation time, colchicine moves closer to helix
H8 (Figure S4a,b of the Supporting Information). For the β
subunit without colchicine, the T7 loop becomes even more
curved and relaxed during the simulation; as a result, two
helices come closer to each other (Figure S4c of the Supporting
Information).
β Subunit of the Tubulin−TN16 Complex. Through a

channel, TN16 is buried inside the β subunit, and there is no
apparent change in the interacting residues over the simulation
time, except some oscillation within the channel. The
differences in the free and TN16-bound β subunit can be
determined through the analysis of the rmsd and the total
molecular mechanical energy changes of the respective systems.
The overall backbone rmsd increases with time for both the
free and drug-bound forms (2.7 and 3.14 Å, respectively, at the
end of 10 ns). The deviation is also comparable for both
considering the rmsd profile of the binding site residues (2.6
and 3.0 Å, respectively, at the end of 10 ns). Thus, the
backbone shows greater deviation than the binding site, as
opposed to the colchicine-bound complex that showed a
greater change in the rmsd for the binding site. We did not find
any appreciable difference in the energy profile of TN16 in the
free and bound forms. However, the total molecular mechanical
energy profile of the TN16-bound β subunit indicates that the
receptor attains a higher stability (Emm = −6262 ± 81 kcal/mol,
averaged over the last 5 ns) compared to that of the colchicine
complex (Emm = −6182 ± 82 kcal/mol) and that of
uncomplexed tubulin (Emm = −6172 ± 78 kcal/mol). This
shows that TN16 binding local adjustments of the protein
chain leading to an enhanced internal packing, which
contributes to the enthalpic stabilization of the overall complex.
It is further observed that although at the start of the

simulation the conformations of the T7 loop and helices H7
and H8 are similar to that of the colchicine-bound β subunit,
with the progression of time, the T7 loop does not extend or
stretch as seen in the colchicine complex. Helices H7 and H8
move apart, but not as much as seen in the colchicine-bound

form, with the drug moving toward the H7 helix (Figure S5 of
the Supporting Information).

αβ Tubulin Dimer Complexed with Colchicine. The
presence of the α subunit restricts the movement of colchicine
in the dimer−colchicine complex (Movie SM3 of the
Supporting Information). As tubulin−colchicine interaction is
entropy-driven (Table 1), one needs to identify the factors
leading to the gain in entropy. We use the rmsf (root-mean-
square fluctuations) to describe the local flexibility of the
molecule, calculated using the atomic fluctuations of the
structures averaged over all the frames of the trajectory. The
rmsf measures the flexibility of individual residues, while the
rmsd is an indicator for gross structural changes. The rmsf of
backbone atoms (Cα, C, and N) for each residue, over the
simulation trajectories (Figure S6 of the Supporting Informa-
tion), shows an almost similar trend for both complexes, except
in the terminal ends of tubulin. The structure bound to TN16
shows more deviation (rmsd) in the backbone than the dimer
bound to colchicine (Figure 6), taking the crystal structures as

the reference points in each case. When the rmsd of an
individual drug molecule is considered, colchicine shows greater
changes than TN16, although a sharp peak in the profile for
TN16 is seen around 3 ns, which can be attributed to the
translation taking place between the drug and the two leucines
(242 and 252) in the β subunit (Figure 7). The backbone rmsd
for the overall structure increases for both the bound and the
free receptor and is greater than the change observed in the
colchicine-bound β subunit (4.8 Å for both, at the end of 10
ns). However, from the rmsd profile of the binding site
residues, it is clear that colchicine binding causes a greater
change in the β subunit than in the dimer (Figure S7 of the
Supporting Information; rmsd values after 10 ns are 3.7 and 2.7
Å, respectively).
To investigate the movement of the drug inside the tubulin

dimer, we looked at the ASA values of binding sites in the initial
and final structures. As the binding site consists mainly of the β
subunit, we restrict ourselves to residues of this subunit only.
The ASA value is quite low for the initial binding site [∼250 Å2

(Figure S3 of the Supporting Information)]. On the other
hand, the residues that constitute the final interaction site had a
larger starting value (∼700 Å2) that finally converged to 650 Å2.
This feature is reflected in the rmsd change as well; the residues
that constitute the initial binding site show less deviation than

Figure 6. Backbone rmsd (Å) of the αβ dimer in complexation with
colchicine and TN16, showing the overall rmsd change to be greater
for the TN16 complex.
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those involved in the final binding site (rmsd values of 2.7 and
3.1 Å, respectively). The conformational changes in the T5
loop (residues 173−182) of the α subunit along with helices
H7 and H8 and the T7 loop in the β subunit of the colchicine-
bound dimer were also studied. After simulation, the T7 loop
moves into the colchicine binding site as the drug translates
toward the T5 loop (Figure S8a,b of the Supporting
Information). During the simulation, the two helices moved
apart.
αβ Tubulin Dimer Complexed with TN16. TN16

consists of three rings [D−F (Figure 2)]; the D-ring flips
between two leucine residues (242 and 252), and the F-ring is
found tossing among hydrophobic residues (Leu248, Leu255,
Met259, Ala317, Val318, and Ile377) of the β subunit, thus
generating a rocking movement of the drug (Movies SM4 and
SM5 of the Supporting Information). This observation is
astonishing as TN16 bound to the β subunit (monomer) shows
less movement (only ring flipping was observed) than what is
seen in the dimer, possibly because the exposure of the
hydrophobic binding pocket to the solvent in the monomer
makes the cavity opening more constricted, restricting the
movement of the ligand. In the dimer, the drug movement is
mostly observed within the first 4 ns and then the structure
becomes stabilized. Although on its own TN16 is flexible
(Movie SM2), the flexibility is not manifested in the binding
region of the complex. However, the channel allows the
molecule to rock as a whole (Movies SM4 and SM5 of the
Supporting Information), contributing to the entropic stabiliza-
tion of the complex, in agreement with the experimental data.
The dynamics of loops T5 and T7 have been investigated as

they are very crucial for colchicine binding and thus might also
have an impact on TN16 binding. In the starting structure, the
drug occupies the cavity vacated by the loop (Figure S8c of the
Supporting Information); however, as the simulation pro-
gresses, little movement of the drug toward the interface is
observed, and as a consequence, marginal bending of the T5
loop in the α subunit occurs. No appreciable movement of the
T7 loop was noticed as it retains its original position; this is
expected, as the drug moves very little from its initial location
and occupies most of the binding cavity. This is in contrary to
that observed for colchicine binding, where the drug moves
more toward the interface (T5 loop) and the T7 loop occupies
more of the colchicine initial binding site (Figure S8d of the

Supporting Information). The dimer−colchicine structure is
less stable than the dimer−TN16 complex as seen for the
complexes involving the monomer as well (Figure S9 of the
Supporting Information; Emm = −11932 ± 117 kcal/mol for the
dimer−colchicine structure vs Emm = −12065 ± 116 kcal/mol
for the dimer−TN16 structure, averaged over the last 5 ns).

■ DISCUSSION
Experimental data show that colchicine and TN16 both bind to
tubulin because of a very favorable entropic contribution to
binding, and this contribution is greater for colchicine;
additionally, there are differences in the conformational and
solvation components of entropy. The ΔH for colchicine
binding is unfavorable, but for TN16 binding, it is favorable.
Crystallographic data showed a considerable difference in the
binding modes of these two ligands. The mechanistic insight
into these observations is obtained from the molecular
dynamics simulations. TN16 experiences a “cozier” binding
being deeply buried in the pocket that is shaped like a channel.
The steric factor (originating from the shape of the ligand)
prevents colchicine from gaining access deep inside the binding
pocket, whereas TN16 can easily be molded to fit into the
channel (see Movies SM4 and SM5 of the Supporting
Information). The cozy fit is reflected in the enhanced van
der Waals stabilization (ΔEvdw = −47 kcal/mol, compared to
−13 kcal/mol for colchicine), which is in agreement with the
favorable ΔH for TN16 binding. Colchicine is found to
continuously switch between interaction modes, not relying on
any one of them for its binding, leading to an unfavorable ΔH.
The binding of colchicine to tubulin is favored by entropy
(−TΔS = −19.6 kcal/mol) (Table 1), the enthalpic
contribution being unfavorable. In contrast, TN16 binding is
favored by both enthalpy and entropy, although the entropic
component is still more significant (−TΔS ∼ −6 kcal/mol)
than enthalpy (−1.7 kcal/mol). The gain in enthalpic
stabilization results primarily from the change in electrostatic
and van der Waals interactions, whereas entropic stabilization
may originate from the flexibility of the structure as well as the
release of interfacial water molecules, freeing the degrees of
their motion.45 In general, formation of protein−ligand
complexes provides an entropic benefit if water molecules are
released from the interface upon binding.46−48 This is an
important aspect facilitating biomolecular recognition.47,48

Solvation of the uncomplexed colchicine and TN16 using
explicit (TIP3P) water molecules reveals that colchicine can
accommodate approximately 27 molecules within a 4 Å cutoff
(first hydration layer46), whereas for TN16, this number is ∼20.
Because both ligands are completely sequestered from the
solvent when they are complexed in the dimer, the number of
released water molecules would be much higher for colchicine
than for TN16, i.e., more entropic stabilization for colchicine
binding. This is also apparent from the ΔSsolv data (Table 3)
that show that one of the major components of the higher
stability of the colchicine complex is the entropy of desolvation.
The greater entropic contribution for colchicine binding also

correlates with the different binding conformations it can attain,
as revealed in the trajectory of the β subunit−colchicine
complex. Sampling of such a large conformational space is not
observed in the 10 ns simulation of the dimer−colchicine
complex, as conformational modulation can take place more
slowly within the dimer, at a time scale beyond the scope of this
study. As mentioned earlier, colchicine continuously switches
its interactions with the receptor residues during its drive across

Figure 7. rmsd (Å) of the ligands alone, colchicine, and TN16 over
time. The overall structural deviation is greater for colchicine than for
TN16, although a sharp peak is observed for TN16 around 3 ns, which
is attributed to the swinging movement of the molecule.
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the binding pocket, which is analogous to the flying trapeze;
although the drug cannot translate much within the cavity of
the dimer, a number of transient interactions can occur
between the drug and residues of the receptor, clearly seen in
Movie SM3 of the Supporting Information. It is not a particular
set of interactions that stabilizes colchicine in the binding site;
rather, the interactions change continuously (Movie SM3 of the
Supporting Information), and the inherent motion of colchicine
within the binding cavity is responsible for the high entropy
value. Compared to colchicine, TN16 penetrates into the core
of the receptor and thus shares the comfort zone created by the
internal hydrophobic packing of the receptor. It can be seen in
the Movie SM4 of the Supporting Information that the ligand
can bend easily to be inserted into the cavity and can rock like a
swing cradle, where its D-ring is in contact with few leucine
residues and the F-ring with hydrophobic residues leading to a
greater hydrophobic packing. Movie SM5 of the Supporting
Information shows that this results in almost complete burial of
the ligand in the binding groove, which then takes a shape that
is completely different from that accompanying colchicine
binding.
For TN16 binding, there is a fine-tuning between enthalpy

and entropy. It packs better inside the deep groove and gains
much from van der Waals interactions (ΔEvdw = −47 kcal/mol,
compared to −13 kcal/mol for colchicine). There is also an
overall gain in the molecular mechanical energy of the receptor
itself, all contributing to the enthalpic gain for TN16 binding,
supporting the experimental result (Table 1). A better packing
of the ligand, however, reduces its flexibility, suggesting that by
merely reducing the bulkiness and/or making a better fit into
the pocket one cannot make a drug more potent, as it can affect
the entropic component and thus reduce the overall level of
stabilization of the ligand. Thus, optimizing the balance
between enthalpy and entropy could be a rational approach
in the quest for a tight binding ligand.
Rigorous investigations over the past few decades using

techniques like QSAR, screening, docking, and other in silico
methodologies have yielded a pool of potent colchicine binding
site agents,49 but most of these attempts ignored the role of the
inherent flexibility of the binding pocket and the induced
conformational changes in both the ligand and the receptor.
Our investigation offers a plausible explanation for these
compounds not producing a lead compound in the in vitro
and/or in vivo tests. The flexibility of the colchicine binding site
is found to be the most critical factor for switching between
different mechanisms for accommodating the two different
ligands, balancing flexibility as well as stabilizing interactions.
Dorleansa et al. have recently dissected the colchicine domain
into two parts, the core colchicine binding site and an
additional pocket.18 The flexibility of the domain changes
depending on the drug binding position. TN16 has a flexible
structure compared to colchicine, allowing it to penetrate inside
the core of the β subunit and interact efficiently with an
additional binding pocket. Very little movement or fluctuation
of the additional binding cavity is observed after accommodat-
ing the drug, which clearly indicates the conformational
constraints of the binding site, although some minor translation
of TN16 within the binding cavity takes place because of the
flipping of the D- and F-rings. Compared to the TN16 binding
site, the core colchicine binding site is much more flexible.
When only the β subunit (monomer) is considered, colchicine
moves much faster (Figure S1 of the Supporting Information)
to occupy a new interaction site. The restriction of colchicine

movement inside the dimer implies the importance of the α
subunit for drug binding. It is understood that the α subunit
imposes constraints impeding the approach of colchicine
toward the binding site during the association reaction. This
makes the exit and entry of the drug difficult, which is why the
binding is poorly reversible with very slow on and off rates in
the case of the dimer.

■ CONCLUSIONS

In this investigation, the thermodynamics of two structurally
different ligands that compete for the same binding site of the
α−β interface of tubulin have been studied by ITC measure-
ments, and the complementary molecular dynamics simulations
have provided atomistic insight into the binding mechanisms.
There are a few salient features. (i) The colchicine binding site
is inherently flexible in nature, and depending upon the drug to
which it binds, it can adopt drastic changes in its shape. (ii) The
ability of a drug to access deep inside the colchicine binding site
depends on the steric factor (bulkiness) and the flexibility of
the molecule. TN16 can access the region where colchicine
cannot enter, leading to a difference in the complex structures.
(iii) The effects of enthalpy and entropy are complementary for
these two ligands; hydrophobic packing makes the ΔH
favorable for TN16, but at the cost of slightly diminishing
ΔS, and transient interactions give an unfavorable ΔH for
colchicine, simultaneously causing an entropic gain. (iv) ΔSsolv
is critical for binding and is correlated with the release of water
of hydration.
Entropy is a crucial factor in stabilizing the binding of

colchicine and TN16 to tubulin. The common practice for the
improvement of binding affinities is to add more pharmaco-
phoric attachment points. However, in the realm of tubulin,
such a process could lead to a possible decrease in the entropy
of binding, thus resulting in the destabilization of the protein−
drug interaction. This provides lessons for future design
strategies.
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