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Abstract Even though commercialized anticancer
drugs are now produced by pharmaceutical compa-
nies, most of them were originally obtained from
natural sources, and more particularly from plants.
Indeed, many structurally diverse compounds isolated
from plants or marine flora have been purified and
synthesized for their anticancer bioactivity. Among
these, several molecules belong to the class of
anticancer drugs which target the microtubule cyto-
skeleton, either by stabilizing it or destabilizing it. To
characterize the activity of these drugs and to under-
stand in which physiological context they are more
likely to be used as therapeutic agents, it is necessary
to fully determine their interaction with tubulin.
Understanding the molecular basis of their effects on
microtubule cytoskeleton is an important step in
designing analogs with greater pharmacological activ-
ity and with fewer side effects. In addition, knowing
the molecular mechanism of action of each drug that is
already used in chemotherapy protocols will also help
to find strategies to circumvent resistance. By taking
examples of known anti-tubulin plant derived drugs,
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we show how identification of microtubule targeting
agents and further characterization of their activity can
be achieved combining biophysical and biochemical
approaches. We also illustrate how continuing in depth
study of molecules with already known primary
mechanisms of action can lead to the discovery of
new targets or biomarkers which can open new
perspectives in anticancer strategies.
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Abbreviations

AUC  Analytical ultracentrifugation
ITC Isothermal titration calorimetry
MAP  Microtubule associated protein
MT Microtubule

MTA Microtubule targeting agent
SPR  Surface plasmon resonance
VA Vinca alkaloid

Introduction

Humans have used plants as medicines for millen-
nia. In anticancer chemotherapies, 14 % of the
molecules used are natural products and 23 %
correspond to modified natural molecules. The
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remaining 63 % are synthetic compounds, but 15 %
have a natural pharmacophore (Butler and Newman
2008; Monneret 2010). Thus, nature is an important
source of innovative products in oncology. Antican-
cer molecules, which act to block the cell division of
tumor cells that have lost proliferation control, are
usually classified according to their target. Microtu-
bule targeting agents (MTAs) correspond to mole-
cules that target the major constituent of the
microtubules (MTs), tubulin. Microtubules are
polarized cylinders of 25 nm of diameter constituted
of 13 protofilaments of of-tubulin heterodimers.
o-tubulin is exposed to the more stable extremity,
called (—)end, generally linked to the microtubule
organizing center, while B-tubulin is exposed at the
more dynamic extremity, called (+)end. Microtu-
bules undergo dynamic instability (Mitchison and
Kirschner 1984), which is characterized by transi-
tions between self-assembly and depolymerization
phases (catastrophes) and vice versa (rescues).
Through their dynamicity, microtubules control cell
shape and such processes as motility, mitosis,
intracellular vesicle transport, organization, as well
as positioning of membranous organelles (Desai and
Mitchison 1997; Oakley 2000; Sharp et al. 2000).
Microtubule dynamicity is regulated by GTP hydro-
lysis, post-translational modifications and by micro-
tubule associated proteins (MAPs) that can either
stabilize them (like tau) or destabilize them (like
stathmin). Similarly to MAPs, MTAs also bind to
free tubulin and/or microtubules to perturb microtu-
bule dynamics and by consequence their function,
leading to mitotic arrest and apoptosis. Even though
many anti-tubulin plant derived MTAs were discov-
ered a long time ago and have been used in
chemotherapies since, their complete mechanism of
action is often not yet elucidated. Understanding
their molecular mechanism of action (binding site,
consequence on tubulin polymerization and multiple
targets) is important to understand their efficacy and
to find ways to improve these agents. After present-
ing briefly the main anti-tubulin plant derived
molecules, we will discuss the methodology to
identify and characterize their binding to tubulin
and their anti-microtubule activity. Finally, we will
demonstrate how further study of molecules with
well-characterized primary molecular mechanism
can lead to the discovery of new targets and
sometimes new anticancer strategies.
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Anti-tubulin plant derived molecules

Microtubule targeting agents, which either stabilize or
destabilize microtubules, can be classified structurally
into three families according to their binding site on
tubulin dimers (Fig. 1). The first family is that of
paclitaxel isolated from Taxus brevifolia in the 90 s. It
binds on B-subunit (Nogales et al. 1995) in the lumen
of microtubules (Matesanz et al. 2011) and stabilizes
microtubules by straightening GDP-tubulin protofila-
ments into a conformation resembling GTP-tubulin
(Buey et al. 2005). Interestingly, in addition to
paclitaxel and its hemisynthetic analog docetaxel,
other molecules with potential anti-cancer activity
isolated from non plant organisms, can bind to this
same site on tubulin. The second family is that of
vinblastine and vincristine isolated from Catharanthus
roseus in the middle of the last century. Vinblastine
was studied for its potential antidiabetic properties
before its anti-leukemia activity was discovered in
1957. Nowadays, this family bears many members,
among which 6 are used in clinical oncology, the latest
one being vinflunine (Jacquesy and Jouannetaud 2005;
Kruczynski et al. 1998). Vinca alkaloids bind tubulin
at the interdimeric interface of two heterodimers
(Gigant et al. 2005) principally at the (+)end of the
microtubules to destabilize them. In addition to
vinblastine, vincristine and their hemisynthetic analog
vinorelbine, other structurally different plant derived
molecules bind to the vinca-alkaloid domain of
tubulin, including Maytensin isolated from the shrub
Maytenusovatus (Kupchan et al. 1972). A derivative of
this molecule, DM1 conjugated to a monoclonal
antibody against HER2 receptor is in phase III clinical
trials for the breast cancer treatment (Teicher and
Doroshow 2012). The third family is that of colchi-
cine, isolated from colchicum autumnale in 1820
(Pelletier and Caventou 1820). Its antitumor activity
was first described in 1935 (Amoroso 1935). It binds
on the B-tubulin subunit at the intradimeric interface of
the heterodimer (Ravelli et al. 2004) rendering it
unable to form microtubules. However, since colchi-
cine causes severe toxicity at the doses required for
anticancer effects, it is used at much lower doses for
other therapeutic purposes, such as therapy for gout
(Doghramji 2011) and familial Mediterranean fever
(Cabili et al. 1985). Nevertheless, numerous plant
derived colchicine analogs are currently under inves-
tigation for their potential anti-cancer applications,
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Fig. 1 Three main anti-
tubulin plant-derived drugs
tubulin binding sites: (1)
paclitaxel site located on
B-tubulin in the lumen of
MT; (2) vinblastine site
located at the inter-dimeric
interface of two
heterodimers; (3) colchicine
site located on the B-tubulin
at the intra-subunit interface
of one heterodimer

such as combretastatin A-4 (CA4), isolated first from
Combretum caffrum, an Eastern Cape South African
Bush Willow tree (Pettit et al. 1987) which is
undergoing clinical and preclinical trials as a vascu-
lar-targeting drug. Others include Quercetin that is
present in capparis spinosa (Gupta and Panda 2002),
Steganacin extracted from Steganataenia araliacea
Hochest (Kupchan et al. 1973), Salvinal from Salvia
miltiorrhizae Bunge (Chang et al. 2004), and podo-
phyllotoxin isolated from Callitrus drummondii (Kier
et al. 1963), as well as Ottelione A and B extracted
from the Indian plant Ottelia alismoides (Ayyad et al.
1998). Figure 2 shows the diversity of the structure
that can be found within a family of analogs binding on
the same site on tubulin (here colchicine).

Aside from these three well-defined pharmacolog-
ical sites, some molecules derived from plants have
been shown to bind elsewhere on tubulin. It was the
case of Noscapine, a phthalideisoquinoline alkaloid
constituting 1-10 % of the alkaloid content of opium
(for review see Mahmoudian and Rahimi-Moghaddam
2009) and caulerpenyne isolated from Caulerpa Taxi-
folia (Pesando et al. 1996). There is a constant need of
new molecules or new variants to counteract the
potential drug resistance phenomenon. One cause of
drug resistance to MTAs is the increase in drug

Paclitaxel l

Vinblastin /

transport activity of ATP-binding cassette (ABC)
transporters (Gottesman et al. 1996; Kavallaris 2010).
Another cause is the mutation or alteration in
expression of certain isotypes of tubulin. Alteration
of class III B-tubulin expression as well as amino acid
substitution in the class I and III are also responsible
for resistance to taxane and vinca alkaloids (Stengel
et al. 2010). Finally, chemotherapeutic failure may
also be due to the characteristics of the molecule itself.
For instance, natural CA-4 isomerizes into an inactive
form and suffers from low solubility. These observa-
tions, taken together with the success of the existing
MTAs, significant efforts are being made on discov-
ery, synthesis and clinical trial development of new
derivatives. When a novel potential anti-tubulin
molecule is characterized, its structure is usually
compared with those of the three leading compounds,
paclitaxel, vinblastine and colchicine. However, many
examples have proven that molecules with different
structures can bind to the same tubulin binding site
and, reversely, many molecules with similar struc-
tures can bind on different biological targets. For
example, Coumarins a group of plant-derived poly-
phenolic compounds, possess a wide variety of
cytoprotective and modulatory functions: antioxidant,
antiviral, antimicrobial and anticancer activity
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Fig. 2 Plant-derived anti-tubulin molecules which bind to tubulin on the colchicine binding site

(Kontogiorgis et al. 2012). For all these reasons,
evaluating the anti-tubulin potential of a new mole-
cule is necessary, and should be done both on cellular
and molecular levels (Fig.3). In the following
sections, we discuss the experimental strategies and
methods that can be used to identify and characterize
the anti-tubulin activity of a compound.

Impact of potential drugs on microtubule network

The first step for the study of new molecule or plant
extract with a suspected antitubulin effect is to
evaluate its cytotoxicity on various cancer cell lines.
Indeed, most anti-tubulin agents interfering with
microtubule formation cause mitotic arrest. This
mitotic arrest and subsequent apoptosis can be easily
monitored through typical profiles in flow cytometry
(Fig. 4a). Apoptosis is then confirmed by the presence

@ Springer

of several markers, such as phosphatidylserine on the
extracellular surface of plasma membrane, caspase
activation in the intracellular compartment, or mito-
chondrial membrane potential collapse (Niu and Chen
2010; Tait and Green 2010). Nevertheless, anti-
tubulin drugs are not the only molecules inducing
these processes. Inhibition of any of the other actors of
the cell cycle, such as cell cycle regulating kinases,
motors proteins, or multiprotein complexes like APC/
C-Cdc20 complex or ubiquitin—proteasome system
(Chan 2012), will have the same effect. For all of
these reasons, it is necessary to observe the cellular
microtubule network directly in cells to see if it is
perturbed. This can be performed by labeling tubulin,
either in live cells by transfection of fusion proteins
labeled with fluorophore or on fixed cells using
indirect immunofluorescence. Modifications of cellu-
lar microtubule network by the three leading com-
pounds, paclitaxel, vinblastine and colchicine are now
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Fig. 3 General schema of drug candidates investigation to demonstrate their anti-tubulin activity and decipher their molecular

mechanisms of action

well-known. Paclitaxel increases polymer mass,
induces the formation of microtubule bundles in
interphase cells (Fig. 4b) and leads to formation of
pseudo asters during mitosis (Rowinsky et al. 1994).
Colchicines and Vinblastine have the opposite effect
on microtubule network, since they depolymerize
microtubules. In the case of vinblastine, high concen-
trations (micromolar) lead to the formation of large
tubulin polymers called “paracristals” (Takanari et al.
1990). At lower concentrations, where no macro-
scopic effect can be seen on microtubule network,
these drugs are known to have an effect on microtu-
bule dynamics which can be monitored by time-lapse
video microscopy. Following the ends of individual
microtubules at the cell periphery (Fig. 4c) enables
one to obtain a great number of dynamicity param-
eters that characterize subtle effects of drugs, such as
speed of growth, depolymerization, time spent in
pause, frequency of transition from growth to depo-
lymerization (catastrophe) or the opposite (rescue)
(Gardner et al. 2012; Kirschner and Mitchison 1986;
van der Vaart et al. 2009). This approach lead to the
discovery that, although having opposite effect on the
microtubule formation at high concentrations (stabil-
ization or destabilization), the three leading com-
pounds, paclitaxel, vinblastine and colchicine and
their analogs usually perturb MT functions by

decreasing microtubules dynamics instability (Jordan
and Wilson 1998). Careful study of MT dynamicity
allowed the discovery that treatment with very low
concentrations of either paclitaxel or vinca alkaloids
causes an increase in MT dynamicity in endothelial
cells (Pasquier et al. 2007; Pourroy et al. 2006).

Interaction of the MTA with tubulin
Influence of MTAs on tubulin self-assembly

Showing that a cytotoxic molecule modifies both the
cellular cycle and the microtubule network or induces
apoptosis does not guarantee that the molecule itself is
directly responsible of its effect on tubulin self-
assembly. For example, taccalonolides isolated from
the plant Tacca chantrieri, stabilize microtubules
through a mechanism of action that does not involve
direct tubulin binding, as shown by the fact that they
were unable to bind to purified tubulin and to
microtubules (Risinger and Mooberry 2010). It is thus
necessary to verify if anti-tubulin activity of amolecule
is due to direct tubulin binding in solution. Tubulin
purified from brains is able to form microtubules in
polymerization buffer (Lee and Timasheff 1975). The
minimal tubulin concentration necessary to induce MT
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Fig. 4 a Cell cycle distribution determined by flow cytometry
in CEM cells untreated (upper) or treated with antimicrotubule
agent (lower) for 6, 12, 24 and 48 h. The number of cells in the
different cell cycle G1, S, G2 was analyzed by quantifying the
DNA content using Propidium Iodure. This typical experiment
shows an increase of cells in G2 and an appearance of cell
population in subG1 indicating apoptosis and/or cell death as the
drug incubation time increases. b Indirect immunofluorescence
of microtubule cytoskeleton untreated (/eft) or treated with 10

formation is called critical tubulin concentration (Cr).
All the tubulin molecules above the Cr are going to
self-assemble into microtubules. The amount of
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Time, s

nM of stabilizing agent during 4 h. The well defined microtu-
bule network switches to bundles in the cell periphery. The bars
represent 10 pm. ¢ Microtubule dynamic: The inset shows the
microtubule network revealed by labeled tubulin expression by
time laps video microscopy. The positions of the plus ends of
individual microtubules, recorded using Metamorph software,
were plotted versus time. The figure represents the evolution
over time of two representative microtubule ends, a stable one
(dashed line) and a more dynamic one (plane line)

tubulin polymerized into microtubules can be moni-
tored by turbidimetry, i.e. absorbance at 350 nm
(Fig. 5a). At this wavelength, the absorbance is
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Fig. 5 Polymerization of tubulin into microtubules monitored
by turbidimetry (A350 nm). a Typical time course variation of
turbidimetry with either decreasing tubulin concentration or
increasing inhibitor concentration (from 1 to 5 could). b In the
first case, critical tubulin concentration (Cr) for the formation of
microtubule can be determined from the x-intercept of the plot
of the amount of microtubule (absorbance at 350 nm) at the
plateau in function of tubulin concentration. In this experiment,

proportional to the amount of microtubules (Gaskin
etal. 1975). The amount of tubulin polymerized in MT
can also be monitored using DAPI fluorescence or
sedimentation. Indeed, DAPI fluorescence enhance-
ment upon its binding to microtubule is directly
proportional to the concentration of polymerized
tubulin (Bonne et al. 1985; Heusele and Bonne
1985). Sedimentation analysis is performed by centri-
fuging (100,000g during 15 min) a solution of tubulin
incubated at 37 °C in polymerization buffer. After
centrifugation, a pellet containing microtubules and a
supernatant containing unpolymerized tubulin are
separated and can be quantified by various techniques
(Spectroscopy UV-Visible, SDS-PAGE, HPLC). Plot-
ting the amount of polymerized tubulin as function of
tubulin concentration gives a linear relation, in which
x-intercept corresponds to the Cr (Fig. 5b). In presence
of anti-tubulin molecules, Cr will decrease in the case
of a stabilizer and increase in the case of destabilizers.
In addition, in the case of a destabilizing agent, the

the Cr is 0.7 mg/mL (Devred et al. 2002) and can be reduced in
presence of stabilizing agent or increased in presence of
destabilizing agent. ¢ In the second case, the concentration of
drug necessary to inhibit the formation of microtubules by 50 %
(IC50) can be determined from the plot of the percentage of
inhibition of microtubule formation in function of drug
concentrations

speed of growth and/or the amount of MT will be
reduced and the activity of the destabilizer can be
quantified by its IC50, i.e. the drug concentration
necessary fora 50 % reduction in the amount of tubulin
polymerized into microtubules (Fig. 5c).

Thermodynamic characterization
of MTA—tubulin binding

Once a molecule has been shown to be a MTA, i.e. that
it binds directly to tubulin and has a functional effect
on microtubule stability, it becomes important to
characterize the tubulin-MTA from a thermodynamic
point of view. Indeed, knowledge of stoichiometry,
binding constant as well as enthalpy and entropy
variations will not only characterize the strength of the
interaction, but also provide insights into the nature of
the binding regions and driving forces of the interac-
tion. To determine the thermodynamic parameters of
tubulin-MTA interaction, a wide variety of techniques
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are available. Some of them rely on the direct
determination of bound and free tubulin and/or
MTA. Other methods, often referred as indirect, rely
on the measurement of a signal proportional to the
complex formed. In this last case, fitting the signal
corresponding to the plot of the complex formation as
a function of free ligand concentration will allow the
determination of the stoichiometry (N) and the asso-
ciation constant (Ka). Over the past twenty years,
MTA-tubulin interaction has thus been studied using a
wide range of techniques, from biophysics to proteo-
mics, depending on the nature and properties of the
MTA : Hummel-Dreyer column gel permeation tech-
nique (Leynadier et al. 1993; Cruz-Monserrate et al.
2003), co-sedimentation (Smith and Jordan 2010),
analytical ultracentrifugation (Alday and Correia
2009; Correia 2010; Lobert et al. 2007), differential
UV-Visible spectroscopy (Barbier et al. 2010), circu-
lar dichroism (Peyrot et al. 1999), fluorescence
(Bhattacharyya et al. 2010), nuclear magnetic reso-
nance (Clement et al. 2010), isothermal titration
microcalorimetry (Devred et al. 2010) as well as mass
spectrometry (Calligaris et al. 2010). Tubulin’s natural
tendency to self-assemble makes some methods, such
as SPR, difficult to use for studying MTA-tubulin
interactions, whereas other methods, such as analyt-
ical ultracentrifugation, take advantage of this pecu-
liarity. Analytical ultracentrifugation is a powerful
method for the study of biomacromolecules behavior
in solution. Three optical systems may be available
(absorbance, interference, and fluorescence) to permit
precise and selective observation of sedimentation in
real time. In sedimentation velocity (SV) experiments,
the movement of solutes in high centrifugal fields is a
function of their sedimentation coefficients which are
defined by their sizes, shapes, and eventual molecular
interactions. In presence of vinca alkaloids, tubulin
will self assemble into polymers, such as spirals and
rings, which can then be quantified by analytical
ultracentrifugation (Alday and Correia 2009; Lobert
et al. 2007; Na and Timasheff 1980). Analyzing the
increase of the sedimentation coefficient S measured
as a function of increasing vinca alkaloid concentra-
tion (Lobert et al. 2007) allows one to determine both
the affinity constant of the vinca alkaloid on tubulin
and the constant of tubulin—tubulin interaction. More-
over, in the absence of tubulin self-assembly, one can
also determine the drug binding to tubulin. In this case,
the molecule (ligand, drug) must absorb at a
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wavelength different from that absorbed by tubulin
(in the visible range for instance) and preferably be too
small to sediment. When ligand wavelength is used for
detection, the signal is proportional to the tubulin
bound ligand concentration and the baseline determi-
nation determines the free ligand concentration. As for
other direct methods, such as Hummel and Dreyer, the
affinity constant could be obtained from a Scatchard
plot or from a direct fit with saturation equation. One
useful indirect method to study drug-tubulin interac-
tion is isothermal titration calorimetry, since it can be
used to access all the thermodynamic parameters of
the interaction. The principle of isothermal titration
calorimetry (ITC) is based on the heat exchange which
occurs when molecules interact. By measuring the
heat which is emitted or absorbed during consecutive
injections of drug into protein solution, the calorimeter
plots isotherm of binding can be obtained after a single
one-hour experiment. Fitting experimental data with
theoretical model enables one to determine all ther-
modynamic parameters of interaction: stoichiometry
(N), association constant (K,), enthalpy of binding
(4H) and calculate free Gibbs energy (4G) and
entropy of binding (4S). For all interactions 4G is
always negative. The signs of enthalpy and entropy
represent the energetic signature of the interaction. If
AH is negative (enthalpy favorable reaction), the
entropic component of reaction could be either
favorable (A4S > 0) or unfavorable (A4S < 0), as long
as AG stays negative. In case of positive 4H, the
entropy of binding should be favorable (4S5 > 0) to
keep variation of Gibbs energy negative. The energetic
signature of the interaction depends on the nature of
the driving forces of the interaction (O’Brien and Haq
2004). Indeed, in case of positive AH, reaction is
usually driven by hydrophobic interactions, while
negative AH and A4S indicate the formation of
hydrogen bonds or van der Waals interactions upon
binding. Comparison of energetic signature of the
interaction for two similar drugs could provide
chemists with very useful information for rational
drug design. ITC has been used to investigate tubulin
interaction with a number of drugs, including vinca
alcaloids. Recently it was used to demonstrate that
stathmin dramatically increases the affinity of vinbla-
stin to tubulin (Fig. 6) and vice versa (Devred et al.
2008). Like AUC, ITC measurements are performed in
solution without immobilization or modification of
investigated molecules in near physiological
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Fig. 6 Interaction of Vinblastine (VLB) to tubulin monitored by
isothermal titration calorimetry (ITC). Top panel Titration of
tubulin by VLB (top panel); bottom panel binding isotherms and
best fit using model of one-set-of-sites. Tubulin is titrated by
vinblastine at 10 °C in 20 mM NaPi buffer in the presence of
0.1 mM GTP, pH 6.5, in the absence (black curve) and in the
presence (gray curve) of stathmin. Parameters obtained are
AH = 16 kcal mol™';AS = 83 cal mol ! K™K, = 5 x 10°
in the absence of stathmin and AH = 8 kcal mol’l;
AS = 63 cal mol™' K™'; K, = 2.5 x 107 in the presence of
stathmin evidencing a 50 fold increase in the affinity of
vinblastine for tubulin in the presence of stathmin

conditions. In addition, ITC does not depend on
solution transparency as spectroscopic methods do,
nor on ligand’s size as SPR does. All this makes ITC
the method of choice to study interactions of drugs
with their targets for K, ranging from 107 to
107 M~!. Particular care should be taken when
choosing the model that will be used to fit the
experimental data, always keeping in mind that the
fact that data fit a model does not necessarily mean that
the reaction is not more complex. This is why it is
always necessary to confirm the parameters obtained
by one technique by other methods.

MTASs’ additional mechanisms of action

Vinca alkaloids are a good example of drugs that have
been used in chemotherapies for a long time but are
still under intensive study. Even though their

interaction with tubulin has been characterized, addi-
tional studies have revealed new mechanisms of
action, such as their interplay with MAPs or their
interaction with calmodulin. Since crystallographic
data showed that vinca alkaloids and stathmin could
bind simultaneously on the same tubulin dimers
(Gigant et al. 2005), and since cellular data demon-
strated that stathmin could modify the antimitotic
efficiency of vinca alkaloids (Alli et al. 2007; Iancu
et al. 2001), functional interplay between stathmin and
vinca alkaloids was investigated at the molecular level
(Devred et al. 2008). AUC and ITC, revealed signif-
icant increase of the binding constant of vinblastine for
tubulin in presence of stathmin and vice versa, thus
revealing a novel mechanism of action of vinca
alkaloids. This family of drugs acts not only directly
on MT by binding at the interface between successive
tubulin dimers which tends to depolymerize MTs, but
also indirectly by increasing the activity of stathmin.
Since stathmin expression and/or activity has been
shown to be upregulated in human cancer (Belletti and
Baldassarre 2011), this newly discovered mechanism
of action highlights stathmin as an important mediator
of cell sensitivity to vinblastine, and even a potential
target for cancer therapeutics. In addition, vinca
alkaloids have been shown to have secondary targets
which can influence MT network regulation. Indeed,
several vinca alkaloids bind to the universal calcium
signal transductor—calmodulin (Vertessy et al. 1998).
Based on structural studies, it was originally hypoth-
esized that this binding could inhibit interaction of
CaM with its other targets. Some CaM targets are
directly implicated in MT regulation, such as MAP6,
also known as STOP (for stable-tubulin-only-poly-
peptide), which stabilizes microtubule in a calcium-
dependent manner (Pirollet et al. 1992a, b). This CaM-
mediated mechanism of vinca alkaloids action could
explain the differences in efficacy of different vinca
family members that have otherwise similar binding
constants with tubulin. For example, vinflunine, the
newest member of the vinca alkaloid family, displays a
better activity than vinblastine against a number of
murine tumors and human tumor xenografts (Kru-
czynski and Hill 2001). It also arrests mitosis in cancer
cells without significant toxic side effects (Bennouna
et al. 2005). Nevertheless, vinflunine binds to tubulin
with an overall affinity several-fold lower than
vinblastine or vincrisitine. Vinflunine turned out to
be a better inhibitor of STOP binding to CaM,
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Fig. 7 Microtubule Tubulin
depolymerizing m

mechanisms of action of
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Stathmin

Y
o

Y

Vinca alkaloid: (1) direct
anti-tubulin action leads to
depolymerization of
microtubules in favor of
curved protofilaments (2)
indirect action by increasing
stathmin activity (3) indirect
action by binding to CaM
which releases other MAPs
such as MAP6

Calmodulin

suggesting that vinflunine’s superior antitumor effi-
cacy and lower toxicity in vivo could be mediated by
its interaction with CaM (Makarov et al. 2007). Recent
study on another member of vinca alkaloid family,
vinorelbine, supports the hypothesis about importance
of impact of “secondary” targets in overall action of
vinca alkaloids (Tsvetkov et al. 2011). ITC showed
that vinorelbine binding sites on CaM are different
from other vinca alkaloids family members including
vinblastine. This could explain why, despite very
similar binding parameters on tubulin, vinorelbine and
vinblastine (Lobert et al. 2007) found such a different
use in clinics. This study confirms the hypothesis that
vinca alkaloids induced effects are not confined to
direct binding to tubulin and that other targets, such as
CaM, can modulate vinca alkaloid toxicity and
therapeutic effects. Both of these examples show that
vinca alkaloids, which have originally been defined as
tubulin interacting drugs, may have “secondary”
effects or even targets (summarized in Fig. 7), which
in some situation might have greater impact on cell
function than the “primary” effect on tubulin. There-
fore, understanding of these indirect effects of vinca
alkaloids is important not only for development of
novel antitumor drugs, but also for possible correc-
tions of existing therapeutic schemes by taking into
account the expression of target proteins. Considering
the number of signaling pathways in which CaM plays
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arole, phenotype of tumors that are going to be treated
with vinca alkaloids should be monitored carefully.

Conclusion

Plants are still one of the greatest sources of anti-cancer
molecules. A number of methods are currently used to
decipher the molecular mechanisms of plant-derived
molecules, which is crucial for anti-cancer therapies.
First, binding assays allow one to confirm that the target
is indeed tubulin rather than some intermediate co-
factors. Second, thermodynamic characterization of the
interaction allows the quantitative structure—activity
relationship studies necessary to choose between several
semisynthetic variants of a natural molecule. Finally,
studies at the molecular level may lead to the discovery
of new modulators responsible for the fine tuning that
will in term be used to explain small variability in the
therapeutic response. A better knowledge of MTA-
tubulin mechanisms will not only lead to a better
understanding of the resistance to anticancer drugs, but
also to the discovery of new biomarkers of even new
targets, to develop new anti-cancer strategies from
sometimes very old natural molecules.
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