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ABSTRACT: NFL-TBS.40−63 is a 24 amino acid peptide corresponding to the
tubulin-binding site located on the light neurofilament subunit, which selectively
enters glioblastoma cells, where it disrupts their microtubule network and inhibits
their proliferation. We investigated its structural variability and binding modes on a
tubulin heterodimer using a combination of NMR experiments, docking, and
molecular dynamics (MD) simulations. Our results show that, while lacking a
stable structure, the peptide preferentially binds on a specific single site located
near the β-tubulin C-terminal end, thus giving us precious hints regarding the
mechanism of action of the NFL-TBS.40−63 peptide’s antimitotic activity at the
molecular level.

Tubulin is a structural protein whose α/β heterodimer
forms the basic building blocks of microtubules (MT).

Each of the α- and β-tubulin subunits consists of multiple
isotypes differing in amino acid sequence and encoded by
different genes.1 Tubulins are arranged in a head-to-tail fashion
to form around 13 protofilaments that together constitute
cylindrical MTs with an outer diameter of around 25 nm.
Microtubules coexist in growing and shrinking populations, and
this dynamic instability is essential for their biological activity
since MTs are cytoskeletal components that are critically
involved in several key cellular processes such as mitosis,
intracellular transport, or cell motility.2

As a consequence for cancer chemotherapy, tubulin is the
target of some of the most successful antitumor drugs, such as
taxanes, the vinca alkaloids, or colchicinoids.3−5 After cellular
uptake, most cytotoxic drugs will target the microtubule
network since it plays an essential role for chromatid separation
during meiosis. Antimitotic compounds will interfere with
microtubule dynamics by inhibiting the polymerization or
depolymerization of α,β-tubulin dimers into microtubules, thus
inhibiting cancer cell division and proliferation.3,6 For example,
paclitaxel (Taxol) binding to MTs alters their dynamic
properties and leads to the stabilization of MTs against
depolymerization.7 Vinblastine (a member of the vinca
alkaloids family), however, will destabilize microtubules and
inhibit tubulin polymerization.8

While it is known that most clinically used tubulin binding
agents target the β-tubulin subunit of the α/β heterodimer, an
important issue, which is still, by and large, left unanswered,
concerns the tubulin isotypes which should be specifically
targeted in cancer chemotherapy.9 The ultimate goal being to
design drugs that will preferentially bind the overexpressed
tubulin isotype and therefore be lethal to cancer cells only,
leaving normal cells intact. Indeed, recent studies have
demonstrated that glioblastomas, which are the most common
primary brain tumors, exhibit significant changes in their MT
cytoskeleton,10 including aberrant expression of the class III β-
tubulin isotype and γ-tubulin, which are associated with the
emergence of highly malignant tumor phenotypes. Further-
more, the increase in βIII microtubules has been shown to be
associated with paclitaxel resistance,11−14 thus making the
selective targeting of specific tubulin isotypes a key issue for
anticancer drug design.
Three interconnected structures compose the neuronal

cytoskeleton: actin microfilaments, microtubules, and inter-
mediate filaments (IFs). Recently, the neurobiology group of J.
Eyer performed in vitro and in vivo experiments showing that IF
proteins bind unpolymerized tubulin and suggested a model in
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which IFs act as a reservoir modulating the local availability of
tubulin throughout the axon.14 Their research showed that
conserved sites, called tubulin-binding sites (TBS), present in
the N-terminal domain of all three NF subunits, are capable of
mediating the interaction between tubulin and assembled NFs.
Although peptides corresponding to these conserved sequences
have no effect on the stability of already assembled MTs, they
inhibit MT polymerization in vitro. Furthermore, these peptides
can enter cells in culture, thus leading to disruption of the MT
cytoskeleton and altered cell proliferation. In contrast, peptides
in which the amino acid sequence has been reversed or
scrambled lose these properties.
Of all TBS containing peptides examined so far, NFL-

TBS.40−63, which is derived from the light neurofilament
protein (NFL), demonstrates the highest capacity to inhibit
microtubule formation in an in vitro polymerization assay.14

Further studies on this peptide have shown that in vitro, it is
more efficiently internalized by glioma cells than by normal
cells, this difference not being species specific.15 Moreover,
once internalized by glioma cells, the peptide strongly affected
their microtubule network, attenuated proliferation, and led to
apoptosis, a cell death mechanism shared by many cancer cells
when treated with antimitotic drugs.16 Also, it is thought that
glioblastoma motility relies on microtubules, and consistent
with this notion, noncytotoxic concentrations of Taxol and
Vinca alkaloids can impede their migration.17,18 Similarly, a
noncytotoxic concentration of the NFL-TBS.40−63 peptide
was found to attenuate glioblastoma migration.15 These in vitro
properties of the NFL-TBS.40−63 peptide were also observed
in vivo, when the peptide was injected into the brains of glioma-
bearing rats. All considered, this peptide appears to be a
remarkable candidate for malignant glioma treatment.
Following a first structure−function analysis of the NFL-

TBS.40−63 peptide alone, which combined alanine scanning,
circular dichroism measurements, and molecular modeling of
the peptide’s structure,19 we present additional structural data
resulting from NMR experiments and molecular dynamics
(MD) simulations. Furthermore, we investigated the peptide’s
interaction with tubulin, using a combination of docking and
MD simulations. Our calculations show that, despite its high
structural variability, the peptide preferentially binds on β-
tubulin, in the vicinity of the external stathmin binding-site.
These results provide us with precious information regarding
the mechanism of action of the NFL-TBS.40−63 peptide’s
antimitotic activity at the molecular level.

■ MATERIALS AND METHODS
Peptide Synthesis. The peptide was synthesized with

biotine by Millegen, Labege, France with a minimal 98% purity.
The purity and integrity of the peptide were verified by mass
spectrometry. The peptide was dissolved in water with the help
of NH4OH vapors.
NMR Spectroscopy. All 1H NMR experiments were

performed at 293 K on a Bruker Avance 600 MHz NMR
spectrometer equipped with a cryoprobe. Data were processed
using Topspin (Bruker). Sodium[3-trimethylsilyl-2,20,3,30-
2H4]-propionate (TSP-d4) was used as an internal reference
for proton chemical shifts. Spectra of the peptide were collected
at a peptide concentration of 1 mM in a H2O/D2O (90:10)
mixture at pH 5. For sequence-specific assignments, two-
dimensional (2D) DQF-COSY,20 TOCSY,21 NOESY,22 and
ROESY23 spectra were used. The TOCSY experiments were
acquired using the MLEV17 sequence24 with a mixing time of

80 ms. In the NOESY experiments,25 the mixing period was
200 ms. A mixing time of 100 ms was used to verify that spin
diffusion is limited. The 2D ROESY spectrum was recorded
with a mixing time of 300 ms. All 2D experiments were
conducted with 2048 data points·512 increments·64 scans with
a spectral width of 6000 Hz in both dimensions. The data were
zero-filled to give a 4096·1024 data matrix prior to Fourier
transformation. The NMR spectra were visualized and analyzed
with NMRView version 5.0.4.26

Peptide Structural Modeling. Molecular modeling of the
NFL-TBS.40−63 peptide structure was carried out using the
PEP-FOLD program (Web server http://bioserv.rpbs.univ-
paris-diderot.fr/services/PEP-FOLD/).27,28 PEP-FOLD pre-
dicts “ab initio” the folding characteristics of peptides
comprising 9 to 36 amino acids. It is based on structural
alphabet SA letters describing the possible conformation of
groups of four consecutive amino acids, which are selected and
assembled via a genetic algorithm.29 Structure reconstruction
and energy evaluation rely on the coarse grain force field
OPEP.30 This program has been used successfully by several
groups to predict biologically relevant peptide structures.31−33

After this step, we kept the representative structures of the two
most populated clusters (ranked third and eighth) for the
remaining stages of the study.

Classical Molecular Dynamics on the Peptide and
Tubulin Alone. Before docking the NFL-TBS.40−63 peptide
on tubulin, each partner was submitted to classical molecular
dynamics simulations in order to obtain a relaxed structure for
tubulin and to produce a set of possible conformations from the
two original peptide structures generated by PEP-FOLD in the
previous stage. For tubulin, we used a straight dimer structure,
corresponding to Protein Databank entry 1JFF,34 in which
paclitaxel, ions, and GDP/GTP were not taken into account, as
a starting model. Note that the C-terminal tails from the α and
β subunits (which respectively comprise 10 and 18 residues) do
not appear in this crystal structure and were therefore excluded
from our model, as usually done in previous molecular
modeling studies of tubulin−ligand complexes.13,35−39

We used Gromacs version 4.6.340 with the OPLS-AA force
field41 in periodic boundary conditions to perform the
simulations. The first step of the simulation procedure is an
in vacuo minimization of the structure with the steepest descent
algorithm during 1000 steps without any constraints. We added
a water box of 1.2 nm, or 2 nm, around the peptide, or the
tubulin, respectively, filled with TIP3P molecule type.42 We
then neutralized the system with the addition of ions randomly
placed in the box while maintaining NaCl concentration at 150
mM. The final system comprises around 13 000 atoms for the
tubulin heterodimer, 85 000 water molecules, and 500 ions
(roughly half Na+ and half Cl−).
A minimization step was performed with the same set of

parameters as before during 5000 steps to avoid possible water
clashes with the molecule. After this stage, we made a two step
equilibration procedure. The first step is in a NVT environment
and the second one is in a NPT environment. Each stage of
equilibration lasted 100 ps, with an integration step of 2 fs. The
temperature was fixed at 300 K using the velocity rescale
method.43 All bonds were constrained with the LINCS
algorithm,44 and electrostatic interactions were computed
using the Particle Mesh Ewald method.45 For the pressure
coupling during the NPT equilibration, we used the Parinello−
Rahman method46 at the value of 1 atm. Production phases
were finally done using the same set of parameters and
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algorithms during 50 ns. Trajectories were saved every 10 ps,
and the analyses were made on the last 45 ns, considering the
initial 5 ns as an equilibration period.
After obtaining the trajectories, we processed them with the

Gromacs utilities and VMD47 for the visual part. We clustered
the structures resulting from the 45 ns production period using
the Gromos algorithm48 with the RMSD (root mean square
deviation) cutoff at 5 Å for the peptide and 1.5 Å for the
tubulin, these cutoffs being chosen according to the average
RMSDs that were observed during the simulations, which are
much larger for the peptide than for the tubulin heterodimer
(see Figure SI1a-b, Supporting Information). Because of its
remarkable structural stability, we kept only one representative
structure of the most populated cluster for the tubulin. For the
peptide, we chose to keep seven representative structures of the
most populated clusters produced by the two MD simulations
that were then docked on tubulin during the next stage of our
study. In addition, the peptide structural variability and
secondary structure evolution during the MD runs were
analyzed with the DSSP tool.49

Docking Calculations. To perform the coarse-grain rigid-
body docking step between tubulin and NFL-TBS.40−63
peptide, we used PTools/ATTRACT suite50,51 with the
structures chosen before, with the tubulin as the fixed receptor
and the peptide as the mobile ligand. ATTRACT uses a
multiple energy minimization algorithm (with the L-BGFS
minimizer, which is a quasi-Newton minimizer for solving
nonlinear optimization problems52,53), starting from several
positions and orientations of the ligand that are distributed on a
grid all around the receptor protein. This grid is calculated with
a modified Shrake and Rupley algorithm,54 so that every point
is located at 10 Å of its neighbors, and the distance between the
ligand and the receptor’s surface is the square of the ligand
protein’s radius. The number of ligand starting positions
depends on the receptor size (around 270−300 points in our
case), and there are around 250 starting ligand orientations for
each starting position. No experimental data are used to restrict

the conformational search during energy minimization, and the
ATTRACT protocol comprises a series of four successive
minimizations using decreasing cutoffs for the calculation of the
interaction pairlist.51 For each docking procedure, the ensemble
of resulting docking poses was then processed with the PTools
built-in clustering algorithm with a 1 Å cutoff for the RMSD
criterion. We retained one docked position for each of the
seven starting ligand structures, which is the representative
structure of the most energetically favorable cluster.

Classical Molecular Dynamics on the Peptide−
Tubulin Complex. After visually assessing the docking
positions on the tubulin with VMD, we performed a second
stage of molecular dynamic simulation on the complete system
(i.e., peptide + tubulin) . The same procedure as before the
docking step was used for the simulation, but the production
phase was now 100 ns long instead of 50 ns. Analyses of the
results were done using Gromacs utilities, VMD, and a
homemade Python script using the PTools library.

■ RESULTS

NMR Spectroscopy on the NFL-TBS.40−63 Peptide
Shows It Is Mostly Disordered in Solution. The NMR
structure of the free peptide with biotine at the N-terminal was
investigated at pH 5. Despite numerous superpositions,
resulting from the high number of serine residues in the
peptide sequence, the proton resonances were assigned at 294
K by means of TOCSY and NOESY spectra using the Wüthrich
method.55 The values of the chemical shifts for the Hα protons,
which are sensitive to the secondary structure, correspond to
random coil structure.56 Consequently, the peptide does not
adopt any predominant regular secondary structure (see Figure
1). This was confirmed by the NOESY assignment. 171 NOEs
were observed but correspond essentially to intraresidue or
sequential connectivities (86% intra or sequential, 11% middle
range, and 3% long-range). These results are in agreement with
the CD spectra that were previously observed in pure water.19

Figure 1. Peptide NFL-TBS.40−63 is fully disordered in solution. Variation of the α proton chemical shifts for the peptide in 90% H20/10% D2O
from random coil values. No successive significant deviations (Δ α < −0.1 ppm or >0.1 ppm), that would reveal the presence of secondary
structures, are observed.
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The peptide (400 μM) was also studied in the presence of
tubulin (60 μM), and a strong aggregation was then observed.
Structural Predictions for the NFL-TBS.40−63 Peptide

and Tubulin Alone. NFL-TBS.40−63 Peptide. As the folding
of the peptide could not be observed by NMR experiments, we
tried to model it using the PEP-FOLD program, which
produced 163 structural clusters for the NFL-TBS.40−63
peptide, only two of which (ranked third and eight among the
best predictions with score of −18.18 and −16.81 kJ mol−1,
respectively) were composed of three structures. This is a first
indication of the peptide’s high structural variability.
Two representative structures from these clusters are shown

in Figure 2a,b and were retained for the following MD
simulations of the isolated peptide. Both structures are basically
formed by an α-helix core surrounded by unstructured
fragments on each extremity.
The RMSD plots resulting from MD simulations of these

two structures, and shown in Figure SI1b (Supporting
Information), highlight their lack of stability and the potential
reorganization of their secondary structure along the trajectory.
Root mean square fluctuations (RMSF) calculations on the
peptides’ main chain atoms (see Figure SI1c, Supporting
Information) lead to similar results, showing important
structural fluctuations even for the initially helical core. We
also used DSPP to assign secondary structure elements during
the MD simulations, thus highlighting the essentially
unstructured nature of the peptide, with most of its amino
acids being in a coil or turn conformation (see Figure 2c,d and
Table 1)
The use of the Gromos clustering tool on the two trajectories

led to the selection of four and three most populated structural

clusters, which represent 80% and 95% of the trajectory,
respectively (see Table 2 for a summary). The seven

representative structures issued from these clusters are shown
in Figure 3 and will be referred to later as pep1 to pep7 (pep1
to pep4 being clusters produced by the first simulation and
pep5 to pep7 being produced by the second simulation). These
structures were used as a starting point for the rigid-body
docking calculations of the peptide on tubulin. As we can see in
Figure 3, these structures are mostly disordered, in agreement
with the DSSP57 assignments shown in Figure 2c,d. Some still
present an α-helix fragment in their core, while two (pep2 and
pep6) present a β-hairpin fold. These results are in agreement
with the structural data that was obtained via molecular

Figure 2. (a,b) NFL-TBS.40−63 (YSSYSAPVSSSLSVRRSYSSSSGS) peptide representative structures of the two most populated structural clusters
generated by PEP-FOLD. (c,d) DSSP graphs from the MD simulations made with the peptide structures shown in a and b, respectively.

Table 1. Secondary Structure Attribution for the NFL-
TBS.40−63 Peptide during MD Simulations (from DSSP)

coil helix sheet bend turn

PEP-FOLD cluster 3 51% 9% 1% 27% 12%
PEP-FOLD cluster 8 36% 15% 2% 26% 20%

Table 2. Peptide Structural Clusters Selected for Docking on
Tubulin

PEP-FOLD
cluster cluster 3 cluster 8

Gromos cluster pep1 pep2 pep3 pep4 pep5 pep6 pep7

structures 2447 839 472 310 3154 1140 477
% of trajectory 48.9 16.8 8.4 6.2 63.1 22.8 9.5

80.3 95.4
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modeling and circular dichroism experiments in a previous
work on the NFL-TBS.40−63 peptide,19 and with the NMR
experiments described earlier in this article.
Tubulin. The tubulin dimer is extremely stable during the all-

atom MD simulation, as can be seen in Figure SI1a (Supporting
Information). Structural clustering led to the production of a
representative structure issued from the most populated cluster
(which accounts for roughly 20% of the trajectory) and shown
in Figure 4a. The surface electrostatic potential for this

structure was then calculated with APBS and is shown in
Figure 4b. The tubulin heterodimer presents an important
electronegative groove in the vicinity of the subunit’s C-
terminal regions, which are the exposed parts of the protein
when it is embedded into a microtubule superstructure.
Coarse-Grain Rigid-Body Docking of the Peptide on

the Tubulin Heterodimer. Peptide Native Sequence
Docking. The rigid-body docking calculations lead to docking
poses with binding energy that are comprised between −5 kcal·
mol−1 and −10.5 kcal·mol−1 (for the most favorable structures),
values that are similar to those obtained in previous docking
calculations of small ligands on tubulin.36,38,39 For each one of
the peptide’s seven starting structures, the docking poses

resulting from the ATTRACT procedure were clustered using
the RMSD as a criterion. Figure 5a shows a representative

position on the tubulin for the best cluster associated with each
of the seven original peptide structures. Similarly to most
tubulin associated molecules (either proteins or small ligands),
the NFL-TBS.40−63 peptide essentially binds on the
heterodimer’s β-subunit. We also mapped on the tubulin
surface an average interaction energy taking into account each
tubulin’s residue’s participation in all of the docking poses,
following the new Ptools protocol introduced in ref 58. That is,
for each tubulin surface residue, we calculate the probability of
this residue being involved in a docked interface generated
during the ATTRACT procedure, and this probability is
weighted by the interaction energies resulting from the coarse-
grain potential.
As we can see in Figures 5b and SI2 (Supporting

Information), this leads to the highlighting of a preferential
binding spot located in the vicinity of the outer electrostatic
groove mentioned earlier. This external cavity, which is located
near the two β-subunit C-terminal helices, hosts four out of the
seven best docking poses generated by ATTRACT (for
structures pep1, pep3, pep6, and pep7). The three remaining
best docking poses are on the other side of the tubulin β-
subunit, either near the taxol luminal site (for structures pep4
and pep5) or on top of the tubulin near the vinblastin binding
site (pep2). However, these three peptide structures (pep2,
pep4, and pep5) do also present docking poses with favorable
(if not the best) energies in the common external cavity, thus
enhancing its weight in the mapping statistics leading to Figure
5b.

Scrambling the Peptide’s Sequence. A similar procedure
(PEP-FOLD structural prediction + MD simulations + docking
on tubulin) was applied to a peptide with a composition
identical with the NFL-TBS.40−63 but where the amino-acid
sequence has been scrambled (corresponding to the NFL-

Figure 3. Seven selected peptide structures from the MD simulations.
From left to right, first row, pep1 to pep4; second row, pep5 to pep7.
The C-terminal residue is shown as van der Waals spheres.

Figure 4. Tubulin structure before peptide docking. (a) Cartoon
representation of the tubulin heterodimer with the α-subunit in blue
and the β-subunit in red. (b) Surface electrostatic potential resulting
from APBS calculations. Positive potentials are shown in blue and
negative ones in red.

Figure 5. Docking the NFL-TBS.40−63 peptide in the tubulin
heterodimer. (a) Best docking position for each of the seven peptide
structures shown in Figure 3 (the color-code has been conserved). (b)
Mapping the tubulin−peptide interaction energy from all the docking
calculations; high affinity (i.e., low energy) sites are shown in red,
while low affinity (i.e., high energy) sites are in blue. The affinity is
calculated as the energy-weighted probability of a tubulin surface atom
being involved in a docked interface.
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SCR1 sequence in ref 14). Again, MD simulations of the
scrambled peptide highlight its lack of a preferential secondary
structure, with important RMSDs in a range (but slightly
lower) similar to that for the NFL-TBS.40−63 peptide (see
Figure SI3, Supporting Information). However, the docking
pattern on the tubulin heterodimer for this scrambled peptide is
quite different from the one obtained with the original NFL
sequence (see Figure 6) with most peptides now bound in the
vicinity of the taxol luminal site that is on the opposite side of

the binding site for the native sequence peptides. We can also
note how the regions that favorably bind the scrambled peptide
are more scattered over the tubulin surface and show less
pronounced affinity compared to that of the binding site of the
original peptide.

Postdocking Molecular Dynamics. Following the dock-
ing procedure, for the four peptide structures that were located
in the preferential binding spot (i.e., pep1, pep3, pep6, and
pep7), we performed a second MD simulation step on the

Figure 6. Mapping the interaction energy between tubulin and the scrambled peptide, four views rotating around the vertical axis. The tubulin
orientation in panel a and the color code are the same as those in Figure 5b.

Figure 7. Average number of contacts between tubulin residues and the four peptide structures, (a) pep1, (b) pep3, (c) pep6, and (d) pep7, during
the postdocking MD simulations. Black line: contacts between the peptide and the α-subunit. Red line: contacts between the peptide and the β-
subunit.
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complete system (tubulin heterodimer and bound peptide) in
order to investigate how peptide binding can impact the tubulin
structure, dynamics, and mechanical properties. The RMSD for
the complex is shown in Figure SI4a (Supporting Information)
and does not reveal any noticeable changes compared with
those of the tubulin heterodimer alone. The peptide, however,
presents lower RMSDs than in its unbound state (Figure SI4b,
Supporting Information), as could be expected. The RMSFs
show a considerable increase in stability compared with that of
the unbound peptide for the residues located on the interface
with the tubulin: that is, central residues for pep1, pep3, and
pep7, and the terminal residues of pep6; see Figure SI4c
(Supporting Information). On the time scale of our
simulations, we did not observe any convergence of the four
peptidic structures toward a common conformation or any
reptation of the peptide on the tubulin’s surface.
We investigated the peptide and tubulin residues forming

contacts during the simulations, according to the CAPRI
standards,59 i.e., heavy atoms less than 4 Å away from each
others; see Figure 7 and Table SI1 (Supporting Information).
Interestingly, the tubulin contact pattern is similar to that of the
four peptides, notwithstanding the different peptidic structures.
In particular, residues 400−415 from the α-subunit H11 and
255−265 from the β-subunit appear in all four contact patterns
from Figure 6, while residues 155−165, 195−200, 340−345,
and 415−435 (corresponding to the H11 helix) from the β-
subunit appear in at least two out of the four contact patterns.

■ DISCUSSION
Peptide Structure. The results from the PEP-FOLD

calculations and NMR experiments are consistent with our
previous observations using modeling and circular dichroism
experiments19 that the NFL-TBS.40−63 peptide does not
present a stable and well-defined conformation in solution. In
this perspective, PEP-FOLD might not be the most adapted
tool since it does not aim at capturing the structural
characteristics of disordered peptides. It is, however, a useful
tool to generate starting peptide structures that were then
refined during the MD simulations stage. Our results regarding
the peptide lack of a stable structure are in agreement with the
fact that it is derived from the N-terminal head domain of the
NFL protein, which is also unstructured and interacts with the
tail and central rod domains during the formation of
protofilaments.60−62

Peptide Docking on Tubulin. Despite its high structural
variability, NFL-TBS.40−63 clearly presents a preferential
binding-site located in the vicinity of the outer electronegative
groove on the surface of the tubulin heterodimer. We can also
note that the binding of various peptidic structural forms on
this specific location makes this interaction even more favorable
from the free energy point of view. Interestingly, this external
cavity is not one of the classical binding sites usually
encountered for antimitotic tubulin binding drugs such as
taxol, vinblastin, or colchicin and which are located on the
luminal site or on the interface between the α and β-subunits.4

The peptide binding site presents more common points with
MAP (microtubule associated protein) binding sites that were
previously identified for motor proteins such as kinesin2,3,63−65

or dynein,66 or for structural MAPs which modulate micro-
tubule stability in the cell such as stathmin,6 MAP65,67 tau, or
MAP2.68 Furthermore, our external binding site concurs with
the binding site hypothesis of Saidi Brikci-Nigassa et al.69 for
the interaction of the connexin C-terminal domain, another 26

amino-acids peptide derived from a protein involved in signal
transduction, on tubulin that was proposed following NMR
experiments and the coarse-grain docking simulation. Finally,
peptides bound to this external site also lay close to the β-
subunit’s C-terminal end. The β-subunit C-terminal tail, which
has a length of 18 residues (β427−444), does not appear in the
original crystallographic structure that was used for our
simulations (1JFF) and was therefore not modeled during
our study. It is highly flexible, negatively charged, and is
thought to play a critical role in regulating MT assembly.2,70−75

Remarkably, in a recent simulation work,76 Freedman et al.
have shown how the β C-terminal tail can present an
intermonomer mode of interaction pairing its charged residues
with α-H11 from a neighboring tubulin. When binding on the
external site of the tubulin heterodimer, NFL-TBS.40−63
might not only hinder the C-terminal tail mobility but also
interfere with the MT assembly process, thus providing an
interpretation for the experimental observations by Bocquet et
al.14 that the peptide can inhibit MT polymerization in vitro
(while having no effect on the stability of assembled MTs).
Furthermore, residues α-Lys 401 (from helix H11), β-Trp346
(from the H10/B9 loop), β-Asp 427, and Glu 431, which are
listed as residues involved in the inter- and intradimer contacts
mediated by the C-terminal tail,76 figure in the peptide contact
patterns shown in Figure 7. The binding of the NFL-TBS.40−
63 peptide could therefore prevent the formation of several
contacts between the β-C-terminal tail and tubulin, thus once
again inhibiting MTs formation. Figure 8 shows a close-up view

of the interaction between the peptide structure pep6 and
tubulin during the post docking simulation. It is interesting to
note that the peptide residues forming contacts with the
aforementioned tubulin residues are Ser9, Arg16, and Tyr18,
which were shown to have a key role during cell uptake and
MT disruption via alanine scanning experiments.19 Arg16 in

Figure 8. Close-up view of the interaction between pep6 (in yellow)
and tubulin (the α-subunit in blue and the β-subunit in red).
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particular seems to be playing a crucial part in the peptide’s
activity since Arg16Ala mutants lose all their cell penetration
capacity.
In addition to these perturbations of tubulin intra- and

intercontacts, the bound peptide is also likely to impede the
interactions between tubulin and MAPs in charge of regulating
the dynamics of MT assembly, which would also contribute to
the disruption of the cytoskeleton network that was observed in
living cells.15

The fact that the NFL-SCR1 peptide, which has the same
composition as NFL-TBS.40−63 but with a scrambled
sequence, presents a totally different binding pattern on the
tubulin heterodimer is also noteworthy since this NFL-SCR1
peptide was shown experimentally to have a much lower
capacity to affect the MT network in cells.14 Despite its
structural variability, the sequence of NFL-TBS.40−63 seems
to be a key point for its binding on tubulin’s outer surface.

■ CONCLUDING REMARKS

Using a combination of several modeling tools and NMR
spectroscopy experiments, we investigated the structural
variability and binding modes on the tubulin of NFL-
TBS.40−63, a 24 amino-acid peptide derived from the light
neurofilament subunit and which has been shown to disrupt
MTs network and inhibit their proliferation in vivo. We show
that the docking of several different peptide structures on a
tubulin heterodimer leads to the identification of a common
binding site located on the outer side of tubulin, near the β-
subunit’s C-terminal end. Our data suggest that the NFL-
TBS.40−63 peptide binding on this site might hinder MT
formation and its dynamic regulation in the cell, by impeding
the β C-terminal tail mobility, preventing important intra- and
interdimer contacts within MTs and interfering with MAPs that
usually bind on the MT’s outer-side.
Future work will investigate the selective action of the NFL-

TBS.40−63 peptide on glioma cells by specifically modeling its
interaction with class III β-tubulin isotypes, which are known to
be overexpressed in several tumor types.77 In particular, it is
interesting to note that most sequence differences between the
βI and βIII-tubulin isotypes are indeed located in the C-
terminal tail,74 which now appears to be a key part of the
protein if we want to further understand the interaction mode
of the NFL-TBS.40−63 peptide with tubulin and which will
have to be properly modeled in later simulations (using the
original works of Luchko et al.78 and Freedman et al.76 as a
starting point). Because of the important flexibility of the C-
terminal tails, our rigid-body docking approach is no longer
suitable to investigate the tubulin/NFL-peptide system and will
have to be modified in further studies to account for the tail’s
mobility during the docking procedure. The fact that the C-
terminal tails are subject to many post-translational modifica-
tions (such as tyrosination, glutamylation, glycilation, or
phosphorylation)1,79,80 represents another simulation challenge
since all these chemical changes are known to impact the
structure and dynamics of the C-termini and therefore the MT
formation process.
Finally, since resistance to usual tubulin binding agents, such

as paclitaxel, has been related to the overexpression of the βIII
isoform of β-tubulin,8,11−13 the development of a new
compound with high affinity for this specific tubulin isotype
would, in a long-term perspective, help clinicians to tailor
therapies with optimized tumor response and survival.
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