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Abstract This review explores various aspects of the
interaction between microtubule targeting agents and
tubulin, including binding site, affinity, and drug resis-
tance. Starting with the basics of tubulin polymerization
and microtubule targeting agent binding, we then highlight
how the three-dimensional structures of drug—tubulin
complexes obtained on stabilized tubulin are seeded by
precise biological and biophysical data. New avenues
opened by thermodynamics analysis, high throughput
screening, and proteomics for the molecular pharmacology
of these drugs are presented. The amount of data generated
by biophysical, proteomic and cellular techniques shed
more light onto the microtubule—tubulin equilibrium and
tubulin—drug interaction. Combining these approaches
provides new insight into the mechanism of action of
known microtubule interacting agents and rapid in-depth
characterization of next generation molecules targeting the
interaction between microtubules and associated modula-
tors of their dynamics. This will facilitate the design of
improved and/or alternative chemotherapies targeting the
microtubule cytoskeleton.
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Introduction

Microtubules (MTs) are cytoskeletal hollow fibers common
to most eukaryotic cells [1]. These dynamic structures result
from the interaction of «/f tubulin polymers with microtu-
bule-associated proteins (MAPs) [2, 3]. MTs control cell
shape and processes such as motility, mitosis, intracellular
vesicle transport, organization, and positioning of mem-
branous organelles [4-7]. The microtubule cytoskeleton is
one of the major targets in cancer chemotherapy. MTs
exhibit a highly dynamic behavior, undergoing transitions
from growing to shrinking phases and resulting in a
dynamic exchange of tubulin dimers at microtubule ends
[8]. Although this dynamic behavior occurs without general
modification of microtubule stability, some key events in
the cell, such as transition from nonmigratory to migratory
status, or between interphase and mitosis, require altera-
tions in dynamics and overall remodeling of the
microtubule network. These processes are driven by MAPs,
which either destabilize or stabilize MTs; some of these
MAPs participate in the local fine tuning of microtubule end
dynamics [2]. Microtubule targeting agents (MTAs) also
modify the formation and function of MTs [9]. These
compounds, known to interact with tubulin, lead to cell
death by altering microtubule dynamics at low, clinically
relevant concentrations. At higher doses, they can either
stabilize or destabilize MTs thereby changing the cellular
unpolymerized to polymerized tubulin ratio and inducing
cell death. Natural MTAs such as paclitaxel, vinblastine, or
vincristine [10—13] have been used in the clinic for years.
Although MTAs are potent antitumoral drugs, their clinical
use is limited by hematological and neurological toxicities
as well as by tumor resistance that leads to tumor resurgence
and death [14]. The attempts to generate better MTAs
require a detailed understanding of the drug—tubulin
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interaction at the molecular and cellular levels. After a rapid
description of microtubule polymerization and the latest
techniques in the field (Table 1), we will focus on the
biophysical characterization of the tubulin binding site of
antimicrotubule agents. To understand how the therapeutic
window of MTAs could be improved, we will then focus on
three topics: first, binding affinity of MTAs for tubulin;

second, bioavailability at the tumor site using vectorization
and cancer cell targeting; and third, in-depth characteriza-
tion of the microtubule proteome in cancer cells using mass
spectrometry. The quest for the best antimicrotubule agent
may involve a combination of high throughput techniques
to define the optimal binding parameters of the drug for
tubulin in the tumor.

Table 1 Biophysical approaches for the study of MTAs binding to tubulin

Analytical ultracentrifugation

Differential scanning calorimetry
(DSC)

Electron diffraction crystallography

Electron microscopy

Fluorescence anisotropy

Fluorescence correlation spectroscopy

(FCS)

Fluorescence resonance energy
transfer (FRET)

Isothermal titration calorimetry (ITC)

Mass spectrometry—AQUA® peptide

technology
Mass spectrometry—hydrogen
deuterium exchange (HDX)
Mass spectrometry—liquid
chromatographic—tandem mass
spectrometric analyses

Mass spectrometry—-MALDI-TOF

Mass spectrometry—mass spectrometry

imaging

Mass spectrometry—peptide mass
fingerprint (PMF)

Mass spectrometry—electrospray

Optical tweezers

Photoaffinity labeling

Solid state rotational-echo
double-resonance (REDOR)

X-ray crystallography

Characterization of biomolecular complexes interactions, and
macromolecular conformational changes, by sedimentation
velocity and sedimentation equilibrium

Thermal denaturation of samples to determine macromolecular and
domain organization of proteins

Study of matter by firing electrons and observing the resulting
interference pattern, three-dimensional structure of proteins at low
resolution

A beam of electrons create an image of the sample. Magnification is
250 higher than optical microscopy; 5—10 nM objects can be
imaged

Characterization of the interaction between two molecules one being
fused to a fluorophore. The fluorophore is excited by polarized
light but also emit. Upon binding of the partner molecule, the
complex will increase the polarization of the emitted light

Characterization of the dynamics of fluorescent species, a common
tool for studying molecular dynamics in living cells

Distance-dependent excited state interaction in which emission of
one fluorophore is coupled to the excitation of another

Measure of heat exchange to probe biomolecular interactions.
Simultaneous determination of all binding parameters (n, K, AH,
and AS)

Use of a synthetic internal isotopically labeled peptide for absolute
quantitation by mass spectrometry

Measure of deuterium incorporation in proteins to probe
conformational changes induced by ligands

Separation of complex mixture by liquid chromatography coupled to
mass spectrometry sequencing

Mass spectrometric method combining laser desorption and time of
flight separation of ions to measure the mass of molecules

Visualization of the spatial distribution of metabolites, peptides or
proteins by their molecular masses in a tissue slice

Identification of proteins by enzymatic digestion, mass spectrometric
analysis, and database searching

Soft ionization method to measure the mass of molecules

Manipulation and detection of sub-nanometer displacements for sub-
micrometer dielectric particles. Used to study single molecules

A photochemically reactive molecular entity, specifically associated
with a biomolecule, is photo-excited in order to covalently attach a
label to the biomolecule. Identification of the resulting photo-
crosslinked product provides structural information on the
protein’s binding site

Use of magic angle spinning and cross-polarization to measure the
distance between two select labeled heteronuclei

Characterization of three-dimensional structure of a macromolecule
by diffraction in a crystal lattice

[11], [62], [72], [74], [75],
[77] [147]

[73], [77], [151]

[16], [17], [38]

(51, [11], [22], [23], [34], [62],
[74], [86], [125]

[43], [55]

[34]

(48]

[73], [147], [151]

[127]

[49], [50]

[108], [109]

[40]
[130], [131], [132], [133],

[134], [135]
[126]

[35]

[44], [45], [46], [54] [60], [61],
[65], [66], [67], [68], [69],
[70], [71]

[47]

[42], [63], [143]
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A brief reminder on tubulin

Soluble tubulin is found as a 110-kDa heterodimer of o and
f tubulin subunits that assembles itself head to tail into
protofilaments associating laterally to build a hollow tube
called the microtubule. MTs are polar and dynamic struc-
tures formed by 13 protofilaments [15]. Each monomer,
namely o or f tubulin, binds a guanosine tri phosphate
(GTP) molecule and can roughly be divided in three
domains: The N-terminal domain (residues 1-206) con-
taining the nucleotide binding site, the central domain
(207-384) involved in lateral/longitudinal contacts, and the
C-terminal domain which is mainly involved in the binding
of MAPs. The C-terminus (the last 20 amino acids) is
disordered and forms a cloud of negative charge around the
microtubule [16]. The nucleotide in the o-subunit is buried
at the intradimer interface, explaining the nonexchange-
ability of the GTP in this site while the nucleotide in the
f-subunit is partially exposed [17]. GTP bound to -tubulin
is hydrolyzed to GDP after incorporation of tubulin into
the microtubule lattice. When a GDP-containing dimer is
released upon microtubule disassembly, its assembly
competence is regenerated by exchange of GDP for GTP.
MTs are dynamic structures constantly switching between
polymerization and depolymerization phases via rescues
and catastrophes, respectively, that are regulated by GTP
and MAPs (Fig. 1). Microtubules longitudinally elongate
by addition of dimers or oligomers. They contain GTP-
tubulin at the microtubule plus-end which maintains the

GTP-tubulin
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microtubule stability and protofilaments association [3, 18—
20]. The stationary state or pause is a third phase where
polymerization and depolymerization are either inhibited
or instantaneously compensated to maintain the length of
the microtubule constant. Treadmilling is a particular case
of this process in which there is a continuous addition of
tubulin subunits at one end and disassembly at the other. In
that case, microtubules seem to stay of constant length
but individual subunits move along the length of the
microtubule.

Other members of the tubulin family, such as y-tubulin
[21], have a key role in microtubule nucleation [22-24], or
like 0-, &-, - and {-tubulin are constituents of specialized
organelles [25-27]. Multiple genes encode for «- and
f-tubulin which, especially in vertebrates, generate com-
plex expression profiles. In humans, eight a-isotypes (o a,
o1B, 010y 3> 3R, O4a, Og, and ogje3) and seven f-isotypes
(B> Pus Puts Prvas Prves Bv, and Byy) have so far been
discovered [28]. In addition, these tubulin isotypes may
undergo multiple posttranslational modifications such as
polyglutamylation, polyglycylation, acetylation, phos-
phorylation, tyrosination, and palmitoylation [29].
Questions relative to the functional significance of this
tubulin diversity have been the subject of extensive geno-
mic and proteomic studies for more than 20 years [30, 31].
The sequence divergence between isotypes and sites for
posttranslational modifications are concentrated on the
C-termini of tubulins which are also the sites of the inter-
action of MAPs with MTs [16]. However, hotspots of

GDP-tubulin

Shrinking microtubule

Metastable intermediate microtubule

Fig. 1 Microtubule polymerization phases. Microtubules grow by
addition of GTP-tubulin subunits. After their incorporation, subunits
are hydrolyzed to become GDP-tubulin. The straight tubulin confor-
mation within the microtubule lattice is stabilized by a ‘cap’ of
tubulin-GTP subunits. Closure of the terminal sheet structure
generates a metastable, blunt-ended microtubule intermediate, which

might pause, undergo further growth, or switch to the depolymeriza-
tion phase possibly by loss of the GTP-tubulin at the end. GDP-
tubulin is free to splay out and the microtubule rapidly shrinks.
Microtubules can transition from growth to shrinking phases called
catastrophes. Protection of microtubules from shrinking by adding
GTP-tubulin at the tip of microtubule is referred to as rescue
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sequence divergence between isotypes in the rest of
the structure may differentially modulate their respective
molecular dynamics [18].

Biophysical investigations using spectroscopy, sedi-
mentation velocity, microcalorimetry, and dialysis
provided information on the microscopic nature of tubulin
polymerization steps. Studies clearly showed that the
elongation occurs mainly via the addition of tubulin dimers
[32]. Others also showed that XMAP215-mediated stabil-
ization triggered multiple tubulin dimer additions [33].
Very recent electron microscopy and fluorescence corre-
lation spectroscopy (FCS) experiments suggested that
microtubule elongation and nucleation involves interac-
tions of short tubulin oligomers rather than dimers [34].
Optical tweezers observing the assembly dynamics of
individual microtubules at molecular resolution also
showed that MTs can increase their length by amounts
exceeding the size of individual dimers (up to three tubulin
dimers) [35] (Table 1). It is still uncertain whether these in
vitro observations have significance for MTs dynamics in
cells where many proteins regulate the equilibrium
between the pool of unassembled tubulin and MTs, but
these findings help in modeling how a drug might perturb
the dynamics of MTs.

The tubulin binding sites of microtubule targeting
agents

MTAs (for chemical structure, see Fig. 2), known to
interact with tubulin, disrupt microtubule dynamics by
either stabilizing or destabilizing the polymerized state.
This wide class of drugs is composed of more than 30
different molecular backbones interacting with four main
tubulin binding sites: the taxane/epothilones site, the lau-
limalide/peloruside A site, the colchicine site, and the vinca
alkaloid site (Fig. 3). Binding to the two first sites stabi-
lizes MTs while binding to the others induces tubulin
depolymerization. This old MTA classification as micro-
tubule stabilizers or destabilizers is overly simplistic since
drugs that increase or decrease microtubule polymerization
at high concentrations, both suppress microtubule dynam-
ics at concentrations 10-100 times lower. At these low
concentrations, drugs kinetically stabilize MTs without
changing their polymer mass, but can induce mitotic arrest
and apoptosis or inhibit cell migration [36, 37]. Figure 3
illustrates one of the fundamental differences between an-
timicrotubule agents, the binding either on free tubulin or
on microtubules. Taxanes preferentially bind the polymeric
MT form of tubulin at the lumen of the microtubule
pore. Epothilones bind the same site but exploit the tubu-
lin-binding pocket in a unique and independent manner
[38]. The stabilizing agent, cyclostreptin, is significantly

different since it binds at the outer surface of pores in the
microtubule wall. Laulimalide [39] and peloruside A [40]
share a binding site distinct from the paclitaxel/epothilone
site. Colchicine and molecules binding on the same site
induce microtubule depolymerization by inhibiting lateral
contacts between protofilaments [41] and have a better
affinity for free tubulin heterodimers. Vinca alkaloids’
binding preferentially occurs on free tubulin but also at the
end of the microtubule.

The flexibility and molecular diversity of tubulin have
been major problems for determining its structure and drug
binding pockets. Tubulin structure was obtained by elec-
tron diffraction of tubulin-zinc sheets stabilized by
docetaxel [16], paclitaxel [17], or epothilone A [38]. The
three-dimensional model of the tubulin—vinblastine and
tubulin—colchicine interactions was obtained by X-ray
crystallography in the presence of RB3, a stathmin-like,
tubulin-associated protein forming the T2S complex with
two tubulin dimers [42] (Table 1).

Drug binding sites are well described although some
structural biases are still debated such as the paclitaxel
conformation and the unknown tubulin conformation
details in the context of the microtubule lattice. Interest-
ingly, the use of alternative approaches can provide very
close printouts and almost the same view as X-ray or
electron crystallography. The elegant work of Andreu
et al. [43] is the perfect plea for thermodynamic analysis
and how to determine the binding sites at the molecular
level without resolving the structure. These authors
investigated the binding of separate parts of paclitaxel, the
C-13 side chain and the baccatin III (paclitaxel without the
side chain methyl ester), by fluorescence anisotropy
(Table 1). The competition isotherms showed that the
taxane ring system (C2—-C4) of the paclitaxel molecule
provides 75% of the free energy change (AG). Although
not as active as paclitaxel, baccatin III does promote
microtubule assembly in the absence of GTP, stabilizes
MTs, and competitively inhibits the binding of [*H]-pac-
litaxel to the microtubule protein. In cells, a large excess
of baccatin III completely inhibits microtubule anisotropy
of Flutax-2, a fluorescent paclitaxel derivative that retains
binding and stabilization properties, which is not the case
for the methyl ester side chain. The authors showed that
the global conformational change due to baccatin III
binding was similar to that of paclitaxel. They also
hypothesized a potential hydrogen bond between the 2’OH
of the baccatin III and tubulin. This bond would strengthen
the interaction without structure modification. Photo-
affinity labeling was also extensively used to map the
taxane binding site. Paclitaxel analogues with photoreac-
tive substituents at defined positions around the taxane
nucleus nicely pinpointed amino acids forming the binding
pocket [44-46].
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Fig. 2 Structure of microtubule destabilizers and stabilizers

The three-dimensional structure is an amazing printout
of these pharmacological data [16]. The binding pocket for
paclitaxel is located near the surface of -tubulin as mapped
by electron crystallography. Paclitaxel interacts with the

protein by means of three potential hydrogen bonds and
multiple hydrophobic contacts. The studies using solid state
rotational-echo double-resonance (REDOR), nuclear mag-
netic resonance (NMR) [47], and fluorescence resonance
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Microtubule destabilizers

Vincristine
Vinblastine
Vinorelbine
Vindesine
Vinflunine
Halichondrin B
Eribulin mesylate

Cryptophycins
Dolastatins

Vinca
binding site

Colchicine

Colchicine binding site

2-methoxyestradiol
Sulfonamides
Aspergillus derivatives

Fig. 3 Tubulin binding site of MTAs

Conventional

Microtubule stabilizers

Taxane/Epothilone
binding site

Epothilone D Paclitaxel

(KOS-862, KOS-1584) Docetaxel
Epothilone B ABI-007
(Ixabepilone) CT-2103

Eleutherobin
Sarcodictyins A+ B

Discodermolide

Cyclostreptin
binding site

Laulimalide
Peluroside A

Peluroside/Laulimalide
binding site

Fig. 4 MALDI-MS/MS and MALDI-IMS-MS/MS whole body
imaging of rats dosed at 6 mg/kg IV with vinblastine. Distribution
of the precursor ion m/z 811.4 (vinblastine) and production m/z 751
(vinblastine dissociation product) is shown. Comparison of a m/z 811
and b m/z 811-751 images obtained using MALDI-IMS-MS/MS and
conventional MALDI-MS/MS clearly demonstrate the advantages of
ion mobility separation within MALDI xenobiotic imaging. The main

energy transfer (FRET) [48] (Table 1) demonstrated that
the ligand inside the binding site is in a hydrophobically
collapsed conformation.

Despite this crucial structure description, there is a need
for the visualization of the conformational change in MT
dynamics by taxanes. A first step in this direction has been

difference observed is indicated; the distribution of the ions of interest
within the renal pelvis. White contrast indicates vinblastine concen-
tration. ¢ Whole body autoradiograph showing the distribution of *H
in a 1-h post-dose rat dosed with 6 mg/kg IV *H vinblastine,
confirming the distribution observed with MALDI-IMS-MS/MS.
Reprinted with the authorization of the American Chemical Society

made by the combination of hydrogen exchange (HDX)
and mass spectrometry (Table 1). This approach, used first
with paclitaxel [49], has been recently applied to the
analysis of tubulin regions with altered levels of deuterium
incorporation in MTs upon docetaxel, epothilone A, and
peloruside A binding [50]. By this method, drug-induced
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solvent exposure can be translated into changes in molec-
ular entropy. This strategy established the mechanisms by
which these drugs stabilize MTs and helped in determining
a highly probable site for peloruside A binding. This site is
distinct from the taxane/epothilone site, which is consistent
with binding competition studies [51]. Interestingly, these
works confirmed the computer modeling of tubulin
dynamics experimentally [52] and showed the major site of
microtubule stabilization lies in the longitudinal tubulin
dimer interfaces. Bioactive conformation of peloruside A,
laulimalide, and discodermolide have been described by
Jiménez-Barbero et al. [53], but a detailed analysis of the
binding site for these agents is not yet available.
Displacement titration with labeled ligand is a method of
choice to investigate drug competition or synergism in vitro
and therefore is useful for determining whether drugs have
affinity for common or different binding sites. For lauli-
malide and peloruside, their site of tubulin binding was
investigated using a combination of displacement tests
using flutax-2 and a new mass spectrometric-based
approach in which peloruside was displaced and detected by
matrix-assisted LASER desorption/ionization (MALDI)
mass spectrometry [40] (Table 1). Laulimalide and
peloruside bind a site on tubulin that is not completely
characterized, but is distinct from the common site for
paclitaxel, epothilone, and discodermolide. This strategy
was also applied to discodermolide binding to tubulin.
Xia et al. [54] described the analysis of three photo-
affinity-labeled discodermolide analogues which promote
microtubule polymerization in the absence of GTP.
C19-[*H]BPC-discodermolide analogue is not displaced by
paclitaxel, but can displace it since its affinity is three orders
of magnitude higher than paclitaxel. Discodermolide and
paclitaxel may occupy overlapping binding pockets since
competitive behavior exists between the two drugs [55].
This was further suggested by photolabeling with a disco-
dermolide analogue, enzymatic digestion of tubulin, and
analysis of resulting peptides by mass spectrometry. Cy-
clostreptin binding site on microtubules was discovered
using mass spectrometry strategies and the binding mech-
anism was probed with Flutax-2, displacement of
radiolabeled taxanes, epothilones, and discodermolide [56].
These studies clearly showed that cyclostreptin binds to the
outer surface of a pore in the microtubule wall but also
explained how paclitaxel reached its kinetically unfavorable
luminal site. The diversity of binding sites for MTs stabi-
lizers on tubulin opens the possibility of synergistic drug
action as observed for peloruside A and paclitaxel [57, 58].
Contrary to stabilizing agents that bind only polymer-
ized MTs, destabilizing agents, such as the vinca alkaloids,
also bind to soluble tubulin. At the lowest effective con-
centrations, vinca alkaloids have been shown to affect
both dynamic instability and treadmilling of microtubules.

At higher concentrations, they depolymerize MTs and at
super stoichiometric concentrations they induce the for-
mation of one or two protofilaments spirals or large
paracrystals made of these spirals. Before precise X-ray
characterization of the vinca alkaloid binding domain [42],
key contacts between these drugs and tubulin were inves-
tigated using two vinca alkaloid moieties: velbanamine
(indole) and vindoline (dihydroindole) [59]. Catharanthine,
the closest analogue mimicking velbanamine, was shown
to induce the self-association of tubulin into indefinite
linear polymers whereas the binding of vindoline was
barely detectable. However, this study shows that the
covalent link between velbanamine and vindoline is nec-
essary to obtain a strong binding affinity. In the case of
vinblastine or vincristine, the binding energy of the two
separate halves of these molecules were larger than the
binding energy of the intact structure, indicating loss of
conformational freedom of the drugs inside the binding
site. This study showed that chemical modifications of
velbanamine, on the D’ ring, are by far the most important
determinants for vinca alkaloid affinity. As an example,
vinorelbine or 7' noranhydrovinblastine modified on the
velbanamine part of the molecule has reduced affinity for
tubulin. X-ray crystallography shows that vinblastine is in
contact with two tubulin heterodimers at the interface
between the o-subunit of one and the -subunit of the other,
preventing elongation of the microtubule. Vinblastine
binds to residues located toward the inner lumen of the
protofilaments and involves longitudinal contacts. Both the
velbanamine and the vindoline moieties of vinblastine
interact with the protein. This mode of binding is consistent
with previous studies using affinity and photoaffinity
labeling vinblastine analogs [60, 61].

Several short unconventional natural peptides have also
generated hope as potential anticancer drugs. This is the
case of cryptophycin depsipeptides, competitors of vinca
alkaloids isolated from cyanobacteria. Cryptophycin 1
induces the formation of small ring-shaped oligomers of
tubulin [62], and the tubulin binding site of the crypto-
phycins partially overlaps the vinblastine binding site.
Unfortunately, this drug was stopped in phase II clinical
trials because of toxicity. Other drugs that partially overlap
the vinca alkaloid binding site such as phomopsin and
dolastatins, a macrocyclic hexapeptide and pentapeptide,
respectively, have been used to clarify the mechanism of
tubulin nucleotide exchange and elucidate the ways by
which vinca alkaloid ligands prevent microtubule assembly
[63]. Some other recently discovered MTAs have the
destabilizing effects of the vinca alkaloids without sharing
the same site. Halichondrin B [64] and its derivative
eribulin are macrolide lactone polyethers that inhibit vinca
alkaloid binding through an allosteric mechanism. The
localization of the colchicine binding site was obtained
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using affinity or photoaffinity labeling derivatives. Various
studies showed that the binding site would be in the
o-subunit [65, 66], the f-subunit [67], on both subunits [68,
69], or at the dimer interface [70, 71]. Finally, the crys-
tallographic structure at 3.5 A of tubulin bound to
colchicine in the T2S complex confirmed the location of
colchicine at the intradimer interface. Last but not least, a
very recent study, based on mass spectrometry, hypothe-
sized a new binding site on tubulin for caulerpenyne, a
cytotoxic sesquiterpene isolated from the seaweed Caul-
erpa taxifolia [72]. Therefore, we can affirm that the
diverse compounds that can bind to different sites on
tubulin reflect the complexity of the protein molecular
dynamics and raise the possibility that other binding
pockets could be targeted by both natural and synthetic
products.

Is affinity improvement a real benefit?

Structure—activity relationship studies of microtubule sta-
bilizing agents require the knowledge of four main
parameters: n, the stoichiometry; K,, the binding affinity of
the compound to MTs; Cr, the critical tubulin concentra-
tion for polymerization; and ICs, the concentration of drug
inducing 50% cell growth inhibition. For determination of
accurate binding parameters, quantification of the free and
bound species in solution is sometimes a challenging pre-
requisite to fulfill. This can be performed by direct
measurements such as dialysis, co-sedimentation using
radiolabeled, fluorescently tagged ligand, analytical ultra-
centrifugation, differential scanning calorimetry (DSC), or
nuclear magnetic resonance (NMR). Nondirect measure-
ments directly proportional to ligand binding are generated
by spectroscopic techniques based on fluorescence or
absorption, or by isothermal titration calorimetry (Table 1).
The values refine the binding model with conformational
change information. One of the great interests of thermo-
dynamic result analysis is that the difference in the binding
energy between two drugs congeners can be rationalized in
terms of enthalpy and entropy changes which provide
crucial structural information for drug improvement
depending on the hydrophilic or apolar nature of key
interactions [73]. The goal of a MTA is to efficiently kill
malignant cells, therefore a simple question emerges: can
we correlate ICs, values with tubulin binding affinity?
Most of these parameters have been determined for the
MT stabilizing agents as reported in Table 2. Authors have
shown that a correlation exists between binding parameters
and cytotoxicity for most of the existing taxane/epothilone
analogues [74]. Lobert et al. also provide the thermody-
namic direction for drug improvement since they assume
that compounds with a favorable entropic contribution to

binding are less effective in killing cells than those with a
favorable enthalpic contribution. Using this approach, they
were able to increase paclitaxel affinity for tubulin by three
orders of magnitude but with only a tenfold increase in
cytotoxicity [75]. Such a lack of correlation is also found
for discodermolide [76] (Table 2). In the case of this agent,
this could reflect the difference in the binding affinity of
discodermolide for the bovine brain tubulin used in binding
experiments from tubulin in cancer cells or to difficulties in
crossing the cell membrane [76]. However, cytotoxicity
can be limited because, to stop the cell cycle, a minimal
percentage of MTA is necessary. This theory also explains
why peloruside A, a weaker microtubule stabilizing agent
than paclitaxel and laulimalide, is still cytotoxic at nano-
molar concentrations [40].

The vinca alkaloids can bind to tubulin according to
both the ligand-induced model, where binding precedes
elongation, and the ligand-facilitated model, where elon-
gation precedes binding [77, 78]. Sedimentation velocity
was one of the main tools used for studying these vinca
alkaloid-induced tubulin polymers. According to the
Wyman linkage theory, the spiraling potential is described
as the product of equilibrium constants, K;K,; K; being the
drug binding to the tubulin heterodimer, and K, the inter-
action of liganted-heterodimers to make an indefinite spiral
polymer. K3, the drug binding affinity for oligomers, is also
a critical equilibrium parameter. For the various vinca
alkaloids, the K, values (around 10° M ™! in the presence of
GTP) are almost identical (Table 2); the difference is more

Table 2 Affinity and cytotoxicity of the different microtubule tar-
geting agents

MTAs K, M™h ICso (nM) ICso/Ky
(KK, values (M™2))

Paclitaxel 1.07 x 107 1.4 £ 0.2° 0.01498

Docetaxel 3.09 x 107 3.0 +0.3% 0.0927

Epothilone A 3 x 107 75+ 1.4% 0.225

Epothilone B 60 x 10’ 0.8 +0.1* 48

Discodermolide 526 x 107 6.6 + 0.8* 34.716

Pelorusidle A ND 16 + 2° ND

Laulimalide ND 3.9 £ 04° ND

Vinorelbine 13 x 10° £ 0.2 28¢ 0.00364
(1.4 x 10"

Vinflunine 8.8 x 10* + 2.0 97¢ 0.008536
(2.6 x 1019

Vincristine 14 x 10° + 0.4 16¢ 0.00224
(2.4 x 10"

Vinblastine 12 x 10°+ 0.2 164 0.00192
6.1 x 10'h

Colchicine 3.2 x 10° 16.86 + 0.63° 0.053952

Cyclostreptin =~ ND 37 + 8 ND

a b e de D from [76], [40], [39], [75], and [152], respectively
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obvious on the K, value and therefore on the spiraling
potential (K;K5). The link between K, and cytotoxicity has
been extensively explored [75]. Vincristine has the highest
spiraling potential with a K, K, value around 5 x 10" M~
in presence of GTP. Modification of the velbanamine part
has been shown to be critical for binding affinity whereas
the vindoline part mostly anchors the drug. Vinorel-
bine having a lower affinity for tubulin has decreased
spiraling potential of about one order of magnitude
(K;K>» = 2 x 10" M™Y. Structure activity relationship
conducted on vinca alkaloids synthetic analogues modified
on the velbanamine part of the molecule showed an
excellent correlation between decrease of the spiraling
potential and ICsy of the drug [74]. For the latest vinca
alkaloid in clinical development, vinflunine (20/,20'-
difluoro-3',4’-dihydrovinorelbine) obtained by super acid
chemistry [79], the binding process is thermodynamically
different from other vinca alkaloids. It is driven by entropy
while binding of vinblastine and vincristine to tubulin is
enthalpy-driven. The spiraling potential of vinflunine is
two orders of magnitude lower than vincristine. ICs, values
are around 10 nM for vinblastine or vincristine and two- or
tenfold higher for vinorelbine or vinflunine, respectively
[75]. Vinflunine is described as an excellent compromise
between cytotoxicity and a decreased neurotoxicity.

For colchicine, the binding mechanism is simpler than
for vinca alkaloids: the drug first forms a reversible pre-
equilibrium complex with tubulin dimer, which induces
conformational changes in tubulin [80]. Colchicine effec-
tively inhibits cell growth, mitosis [81], secretion, cell
elongation, and cell motility. This MTA has been used to
treat gout for more than 2,000 years, and pseudo-gout and
Familial Mediterrancan Fever (FMF) for several decades
[82, 83], but its high toxicity at doses necessary for anti-
tumor effects have impaired any anticancer therapy
development. Substoichiometric concentrations of colchi-
cine promote inhibition of microtubule assembly. Binding
of colchicine to tubulin is a slow, quasi-irreversible and
temperature-dependent process (Table 2). Colchicine was
considered lost for chemotherapic treatments due to its
high toxicity, possibly a consequence of its quasi-irre-
versible binding to tubulin. However, studies have shown
that modifying colchicines substituents drastically alter
binding affinity and therefore inhibition of tubulin poly-
merization and cytotoxicity [84]. In spite of the severe
toxicity associated with colchicine, several colchicine site-
binding agents that bind reversibly to tubulin were devel-
oped, such as combretastatin A4 [85]. Derivatives of
estradiol, such as 2-methoxyestradiol, bind reversibly at the
colchicine site and are used as an antiangiogenic agents
[86, 87]. Curacin A, a thiazoline-containing lipid
from marine cyanobacteria, has poor structural similarity
with colchicine, but strongly inhibits its binding in a

quasi-irreversible way [88]. Despite its potential toxicity,
this natural substance has been the subject of intense
combinatorial chemistry development to improve its solu-
bility and stability [89]. Studies on the curacin biosynthetic
pathway led to the discovery of enzymes with unprece-
dented catalytic activities that may afford the synthesis of
biologically active metabolites [90]. Although not strictly
proportional, the relationship between affinity to tubulin
and cytotoxicity in cancer cell lines holds up for most of
the MTAs. At the higher end of the affinity range, we find
some synthetic analogues of the taxane family like the
C2-modified 10-deacetyl-7-propionyl cephalomannine
derivatives [91] and discodermolide which are the most
cytotoxic. However, cytotoxicity is not as strong as
expected. As remarkably explained by Matesanz et al., due
to tubulin quantity in cell, the minimal amount needed to
kill these cells imposes a limit on the lowest dose that can
be used. At the lower end, sarcodyctins are of lower
binding efficiency and therefore lower cytotoxicity. For
vinca alkaloids, there is also an excellent correlation
between the spiraling potential and cytotoxicity. However,
if we consider the vinflunine case, lower spiraling potential
seems to offer therapeutic benefit. At the opposite extreme,
dolastatin 10, with a high affinity for tubulin and strong
accumulation in cells compared to vinca alkaloids [92], has
been found clinically inefficient probably because of low
bioavailability. In fact, the ratio amount of tubulin versus
concentration of available active drug species within the
cell is rarely established but would bridge molecular and
cellular pharmacology of MTAs.

Reaching the target

Attempts to increase MTA affinity should be accompanied
by efforts to improve bioavailability. Thus, novel formula-
tions are engineered to control active drug concentration
within the cell. Paclitaxel, due to its poor solubility, is for-
mulated in the cremorphor EL (CrEL) solvent system, a
polyoxyethylated castor oil vehicle responsible for side
effects such as acute hypersensitivity reactions and periph-
eral neuropathy [93]. Covalently linking the natural fatty
acid DHA to paclitaxel to form the docosahexaenoic acid
(DHA)-paclitaxel (Taxoprexin®) [94] or the 7-methylthi-
omethyl ether substitution (BMS-184476) were designed to
expose melanoma cells to higher doses of paclitaxel for a
longer time. A better transport is also ensured by the for-
mulation of paclitaxel encapsulated in positively charged
lipid-based complexes (EndoTAG-1) [95]. Colloidal sus-
pensions of nanoparticle albumin-bound paclitaxel or Nab-
paclitaxel (ABI-007; Abraxane™) [96] may also enhance
antitumor activity via targeting of SPARC, a protein up-
regulated in the poor prognostic factor head and neck cancer
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[97]. Carbon nanotubes or nanodiamonds can also be used to
deliver active agents to the interior of the cells [98]. The
nanoparticles are coupled to the drug through supramolec-
ular bonding. The drug-coupled and functionalized
nanoparticles may also be targeted to specific cells through
modification of the hydrophilic polymer by an antibody
directed to a cell surface marker. Nanoformulations based
on superparamagnetic iron oxide nanoparticles coated with
biocompatible polymers are also of great interest in the
controlled delivery of antitumoral agents. With the drive of a
magnetic field, the drug can be concentrated at a target site,
far away from the reticular endothelial system [99].

Bioavailability is also linked to drug efflux by ABC
proteins responsible for multidrug resistance (MDR),
including P-glycoprotein (P-gp). The C-4 methyl carbonate
paclitaxel (BMS-275183) [100] and the 14-beta-hydro-
xydeacetylbaccatin (Ortataxel) analogues [101] are active
against paclitaxel-resistant tumors including those harbor-
ing tubulin mutations or overexpressing P-gp. Other
stabilizing agents such as epothilones are not susceptible to
the MDR-mediated drug resistance. Laulimalide [102],
discodermolide [51], and dictyostatin [103] are poor P-gp
substrates and therefore could be effective against paclit-
axel-resistant cells presumably because of a weaker binding
affinity for P-gp. Another example is given by the loss of
epoxy ring in the isolaulimalide structure which induces a
decrease of affinity for both tubulin and P-gp when com-
pared to laulimalide [104]. In the case of vinflunine,
modification of the velbanamine moiety is likely to induce a
decrease of the binding affinity for P-gp and therefore limit
drug efflux [105]. The nanomolar affinity of taxanes to P-gp
is independent of tubulin binding [91]. Metabolism of
MTAs is beyond the scope of this paper and has been
extensively reviewed. Briefly, liquid chromatography cou-
pled to electrospray ionization mass spectrometry is the
method of choice to study the stability of MTAs [106].
Structural alterations that increase drug stability can pro-
vide clinical benefit. For example, in the epothilone family,
Ixabepilone (BMS-247550) [107], a drug recently approved
for the treatment of aggressive metastatic or locally
advanced breast cancer that fails to respond to currently
available chemotherapies, bears a lactame group instead of
a lactone moiety which provides protection from degrada-
tion. Mooberry et al. [102] synthesized five analogues of
laulimalide which also enhanced stability. In a few instan-
ces, unstable drugs can generate metabolites more active
than parent compounds [108]. For example, the metabolism
of dolastatine and dictyostatin is also critical for their
activity. The well-characterized high phosphatase activity
in the tumor microenvironment led to the design of com-
bretastatin A4-phosphate and estramustine phosphate
prodrugs that are specially metabolized to their active form
at the desired site of action [109, 110].

Quantitative proteomics is perfect to identify proteins
involved in drug resistance. For this purpose, a quantitative
separation technique is associated with mass spectrometry.
The two-dimensional gel electrophoresis within gel dyes
(2D-DIGE) [111] allows the labeling of up to two extracts
and a standard that co-migrates on the same gel. For
example, using quantitative proteomics, Yang et al. [112]
have undertaken the comparison of the protein profile
between the vincristine-resistant human gastric cancer cell
line, SGC7901/VCR, and its parental cell line, SGC7901,
by a subcellular proteomics approach. They found that there
are 30 differentially expressed proteins which are associ-
ated with drug resistance. Quantitative proteomics can also
been done using peptides labeled with stable isotopes. They
can be incorporated chemically (ICAT, [113]; iTraq, [114])
or metabolically from cell culture (SILAC, [115]). These
stable isotopes have a known mass difference which allows
the comparison of the mass spectrometry signal of the same
peptide under different conditions and, by extension, the
estimation of the relative protein abundance between two
proteomes. Last but not least, the constant increase in data
treatment capabilities allow ion current comparison and
label-free quantitative proteomics [116]. Proteins identified
as playing a role in drug efficacy belong to a wide variety of
families as diverse as cell cycle and checkpoint proteins,
calcium binding proteins, chaperones, cytoskeletal [117],
redox and metabolism proteins, and cell cycle polypeptides.

The role of tubulin isotype composition in MTA efficacy

Preclinical studies have shown high levels of expression of
class III S-tubulin are associated with paclitaxel resistance in
human cancer cell lines (lung cancer [118], ovarian cancer
[119], prostate cancer [120], breast cancer [118], and pan-
creatic cancer [121]) and with docetaxel resistance in human
pancreatic cancer cell lines [121, 122]. Vinca alkaloids
response is also dependant on the isotypic distribution of
tubulin. Kavallaris et al. [123] showed that class III -tubulin
is downregulated in acute lymphoblastic leukemia cells lines
made resistant to vincristine and vinblastine; however, some
studies have shown that class III f-tubulin could be over-
expressed in the case of vinblastine-resistant erythroleukemic
cell line [124]. The reasons why class III fS-tubulin is
involved in drug resistance is unclear; some suggest ther-
modynamic reasons since fyp-tubulin requires the highest
critical concentration of tubulin for assembly, others suggest
that amino acid residue changes in the drug binding site are
the cause. The presence of fy-tubulin on mitochondria, its
interaction with voltage-dependent anion channel (VDAC)
[125] and the presence of proteins involved in adaptation to
oxidative stress and glucose deprivation in the fyr-tubulin
interactome is also of interest for further investigations [126].
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The validation of fi-tubulin as a biomarker in oncology is
yet to be established quantitatively because it is not clear if
the apparent increase of its expression in many aggressive
solid tumors is specific to this isotype or reflect a global
increase in tubulin expression. The problem represented by
precise, unbiased quantitation of f-tubulin in tumor biop-
sies maybe solved by recent developments in quantitative
mass spectrometry-based approaches. Absolute quantifica-
tion is achievable with the AQUA® peptide technology. In
the case of fy-tubulin, tryptic AQUA® peptides specific to
this isotype harbor one stable isotope-labeled amino acid.
This allows easy separation by mass spectrometry from
sample-generated Sy-tubulin peptides. The AQUA® pep-
tides are spiked into the tumor cell lysate and subsequently
digested with trypsin. Tryptic peptides are separated by
HPLC, and the synthetic AQUA® peptides serve as internal
standards for absolute quantification based on m/z peaks ratio
in MS spectra [127] (Table 1).

New MTAs could specially target tubulin isotypes and
more precisely to the Si-tubulin isotype. Freedman and co-
workers believe in the in silico design of tubulin isotype-
specific MTAs [128]. For this, they propose to dock large
chemical databases on tubulin structures to obtain lead
compounds. High throughput screening (HTS) methods,
usually based on fluorescence assays, verify the binding or
the polymerization properties of molecule to tubulin [129].
Microcalorimetry is also of interest to test binding param-
eters since new high throughput systems are able to run up
to 75 samples a day with only 100 pg of protein per
experiment. The robotized systems can run up to 384
samples unattended. The taxane, epothilone, vinca alkaloid,
and colchicine binding sites also harbor specific amino acid
substitution among f-tubulin isotypes (Table 3).

Localizing microtubule isotypes and binding agents
in the cell by mass spectrometry

Colocalization and imaging of drugs with tubulin or tubulin
isotypes within the cell is also a critical goal. Molecular
mass spectrometry imaging is announced as a promising
tool to fulfill this challenge (Table 1). This technique

complementary to classical imaging techniques not descri-
bed in this review has already been used to locate curacine
A and other metabolites in its native cyanobacteria [130],
and vinblastine and its metabolites in rat tissues [131],
without labeling the drug (Fig. 4). However, although
promising, this technique still has a spatial resolution based
on the size of the laser beam (100-200 pM) that is too low
to go down to the cellular scale. The use of the alternative
mass microscope approach could decrease resolution to the
pm scale [132]. Powerful mass spectrometers using sec-
ondary ion mass spectrometry coupled to new ion sources
equipped with C60 guns open new avenues in the field of
mass spectrometry imaging [133]. With this technique,
imaging of small molecules in the cell nucleus becomes
possible. The biological step size of 40-60 nm is not far
from being compatible with mass spectrometry imaging.
Identifying specific microtubule isotypes or a drug will
require different processes. Vinblastine and its metabolites
can be localized within a tissue slice using ion mobility,
which enables separation of species with the same mass
(isobaric) using the conformational properties of the ions
[131] (Fig. 4). In order to assess the heterogeneity of tubulin
composition in a tumor, enzymatic digestion could be per-
formed in situ prior to determining the distribution of
tubulin isotype-specific peptides using sequencing by mass
spectrometry (MS/MS). Another way is to use the “Tag-
Mass” concept. This strategy allows the indirect detection
by MALDI imaging of different classes of probes such as
DNA, cDNA, single stranded cRNA, or antibody probes
chemically attached with a reporter group or “Tag-Mass”
indicator through a photocleavable linker [134]. Lemaire
et al. [135] used this technique to image overexpressed Reg-
alpha, a member of the proteasome activator 118, in car-
cinoma. The “Tag-Mass” concept could be used to
characterize the composition of tubulin isotypes in different
tumors using highly specific antibodies.

Other targets of microtubule dynamics

In addition to their direct effects on tubulin and/or MTs,
MTASs can modify the activity of MAPs through activation/

Table 3 Sequence variations in the drug binding sites of beta tubulin isotypes

Binding sites Isotypes Inter-isotypic mutations
Paclitaxel binding site I Ser275-Ala

VI Val23-Met, Ser25-Gly, Asp26-Glu, Ser275-Ala, Arg276-Gln
Colchicine binding site I Cys239-Ser, Ala315-Thr, Thr351-Val

\'% Cys239-Ser, Ala315-Thr, Thr351-Val

VI Val236-Ile, Cys239-Ser, Ala315-Thr, Thr351-Val
Vinblastine binding site 111 Thr218-Ala

Substitutions observed between f5; and the other human f-tubulin isotypes in paclitaxel, colchicine, and vinblastine binding sites
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inactivation of posttranslational modification pathways,
formation of ternary complexes with tubulin, or degrada-
tion. It is necessary to understand the fine mechanism of
action of these secondary MAP-mediated effects of MTAs.
Such effects of MTAs have been shown on MAPs
including stathmin, tau, and MAP-4 [136-142]. Will MAPs
one day be used as a prognosis factor or even as a thera-
peutic target? Promising results have been obtained
concerning stathmin since the characterization of its
structure in complex with tubulin [143]. Stathmin is known
to promote microtubule depolymerization at MTs ends by
increasing the catastrophe rate by sequestering free tubulin,
thus lowering the pool of “assembly competent” tubulin
[144]. Structurally, the correlation between a high level of
expression of stathmin and a higher sensitivity to vinblas-
tine [136-138, 140, 145] could be explained by a
simultaneous binding of stathmin and vinblastine on
tubulin [146]. This hypothesis was recently confirmed by
microcalorimetry providing the first direct evidence of a
functional synergy between stathmin and vinblastine [147].
Using isothermal titration calorimetry (ITC) and analytical
ultracentrifugation, it was indeed demonstrated that vin-
blastine increased the stathmin binding constant for tubulin
50-fold and that stathmin had the same effect on the vin-
blastine binding constant for tubulin. Stathmin can thus be
seen as a novel mediator of cell sensitivity to vinblastine,
thereby underscoring its potential as a promising target for
cancer therapeutics.

This is of high clinical significance since high stathmin
expression predicted an unfavorable prognosis in patients
with ovarian cancer who received paclitaxel and platinum
chemotherapy [148].

Other studies have shown that other MAPs, including
tau or even MAP4, might also be used as predictive factors
to identify patients most at risk of recurrence and those
most likely to benefit from taxane treatment [149]. This
importance of MAPs in tumor biology, which has been
mostly described with stathmin and tau, could be extended
to other MAPs regulated via phosphorylation such as EB1
[150]. Since binding of MAPs to MTs is tightly regulated
by phosphorylation, the study of the phosphoproteome is
another new direction to understand MTAs action on the
microtubule network. Finally, MAPs are not the only
proteins that can be targeted to indirectly affect MT
dynamics. Vinca alkaloids can bind to other proteins such
as calmodulin, a calcium binding protein; this binding
modulates the interaction with the stable tubule-only
polypeptide (STOP) known to regulate microtubule
dynamics [151]. These kinds of multidisciplinary investi-
gations may broaden the MTAs arsenal from the diverse
class of tubulin interacting agents to active molecules
altering direct and indirect regulators of MTs dynamics.
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