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Abstract
Drugs that affect microtubule dynamics, including the taxanes and vinca alkaloids, have been a
mainstay in the treatment of leukemias and solid tumors for decades. New, more effective
microtubule-targeting agents continue to enter into clinical trials and some, including the epothilone
ixapebilone, have been approved for use. In contrast, several other drugs of this class with promising
preclinical data were later shown to be ineffective or intolerable in animal models or clinical trials.
In this review we discuss the molecular mechanisms as well as preclinical and clinical results for a
variety of microtubule-targeting agents in various stages of development. We also offer a frank
discussion of which microtubule-targeting agents are amenable to further development based on their
availability, efficacy and toxic profile.
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Microtubule Structure & Dynamics
Microtubules are dynamic structures that are required for a variety of cellular processes.
Microtubules, along with actin microfilaments and intermediate filaments, form the
cytoskeleton. The highly organized arrangement of microtubules is required for intracellular
trafficking of vesicles and organelles, cellular motility and mitotic chromosome segregation.
Actin microfilaments also play an important role in mitosis, as they are required for cellular
cleavage during cytokinesis.

Microtubules are formed by the association of α and β-tubulin heterodimers that are folded and
unfolded by chaperones as a heterodimer complex 1. These heterodimers assemble head-to-
tail into linear protofilaments that further polymerize to give rise to the characteristic hollow
microtubule cylinder with internal and external diameters of 12nm and 25nm respectively 2
(Figure 1). This final structure is organized in a polar manner such that the α-tubulin subunit
is exposed at one end (the minus end) while the β-tubulin subunit is exposed at the other (the
plus end). GTP binding and hydrolysis on β-tubulin largely dictates the stability of the
microtubule polymer at the more dynamic plus end. There are two GTP binding sites on tubulin,
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a hydrolyzable site on the β subunit and a non-hydrolyzable site on the α-subunit. The β-tubulin
subunit must be bound to GTP at the hydrolyzable site for assembly into microtubules, shortly
after which the GTP is irreversibly hydrolyzed to GDP. Thus, the majority of β-tubulin in the
microtubule fiber is in the GDP-bound form and “capped” with GTP-bound β-tubulin at the
plus end. When the GTP on a β-tubulin molecule is hydrolyzed to GDP before another GTP-
bound β-tubulin is added, the exposed GDP-β-tubulin leads to a conformational change that
results in rapid depolymerization of the microtubule in an event known as microtubule
catastrophe. The relatively rapid lengthening and shortening at the microtubule plus end is
referred to as dynamic instability. In contrast, a more controlled loss of tubulin subunits from
the minus end and gain of tubulin subunits to the plus end with no net change in microtubule
mass is termed treadmilling. Microtubule associated proteins (MAPs) and microtubule-
interacting drugs can promote or inhibit microtubule catastrophe as well as affect the rate of
microtubule growth and shortening 3.

Microtubule dynamics play a large role in the process of mitosis. During the majority of the
cell cycle, microtubules form an intracellular lattice-like structure. However, when cells enter
mitosis, this microtubule network is reorganized into the mitotic spindle. The processes of
depolymerizing the interphase microtubule structure and forming the mitotic spindle, as well
as finding, attaching and separating chromosomes, require highly coordinated microtubule
dynamics 4. Therefore, agents that interfere with microtubule dynamics inhibit the ability of
cells to successfully complete mitosis thus limiting proliferation.

Drugs that inhibit microtubule dynamics have been used in the clinic as anti-cancer drugs for
over twenty years. These drugs bind to tubulin and at high concentrations cause an increase or
decrease in the interphase microtubule mass. These compounds are classified as microtubule
stabilizers or destabilizers respectively (Figure 2). However, it has been shown that at lower,
clinically relevant concentrations, both classes of drugs inhibit mitosis through a similar
mechanism of slowing microtubule dynamics, resulting in mitotic arrest and apoptosis 5, 6.
Although microtubule-targeting agents have enjoyed great clinical success as
chemotherapeutics, there remain significant downfalls to their use including innate and
acquired drug resistance. As a result, new agents that target microtubule dynamics are
continually being sought out.

Microtubule Destabilizers
Vinca site-binding agents

The vinca alkaloids, isolated from the periwinkle plant, Catharanthus roseus, are potent
microtubule destabilizing agents that were first recognized for their myelosuppressive effects
7. The original members of this family to undergo clinical development, vinblastine (Velban®)
and vincristine (Oncovin®), were introduced into the clinic in the late 1950’s. Second-
generation semi-synthetic vinca analogs, including vindesine (Eldisine®), vinorelbine
(Navelbine®) and vinflunine, have been developed and are used in the treatment of a variety
of cancers.

The vinca alkaloids bind to β-tubulin near the GTP binding site 8, 9. At low, clinically relevant
concentrations, this binding occurs at the exposed microtubule plus end, resulting in decreased
dynamics and mitotic arrest 10 (Figure 3). Thus, the vincas are sometimes referred to as “end
poisons”. In contrast, the gross effect of microtubule destabilization is observed when sufficient
drug is present to bind and disrupt tubulin interactions along the surface of the microtubule
(Figure 2). The vincas also have affinity to free tubulin heterodimers and can give rise to tubulin
paracrystals at high concentrations 11. While tubulin binding and suppression of microtubule
dynamics are credited for the antineoplastic properties of the vinca alkaloids, these properties
also lead to many of the observed side effects of these agents.
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Although the structures of the various vinca alkaloids vary only slightly, they have distinct
niches as chemotherapeutic agents. Vincristine is most effective in the curative treatment in
leukemias, lymphomas and sarcomas. A liposomal sphingosomal vincristine sulfate
formulation (Marqibo®; Tekmira), which may offer more favorable pharmacokinetic
properties and result in increased antitumor activity, is currently in clinical trials and has shown
activity in acute lymphoblastic leukemia 12, 13. Vinblastine, which differs from vincristine only
by substitution of a formyl for a methyl group, is effective in advanced testicular cancer,
Hodgkin’s disease and lymphoma. Vinorelbine is currently used to treat non-small cell lung
cancer as a single agent or in combination with cisplatin. In addition, clinical trials for
vinorelbine are currently being conducted for metastatic breast cancer, advanced ovarian
carcinoma and lymphoma 13. A sphingosomal vinorelbine formulation (Alocrest®; Tekmira),
developed to increase stability and efficacy, is currently undergoing analysis in the clinic 14.
Vindesine is undergoing clinical trials, primarily for treatment of acute lymphocytic leukemia
13. Vinfluine, the newest member of the vinca alkaloid family, has shown better efficacy than
vinblastine in a variety of tumors and is currently in clinical trials to test for activity against
solid tumors 15. The dose limiting toxicities of this class of drugs also varies with structure;
neurotoxicity is the common dose-limiting toxicity associated with vincristine treatment, while
neutropenia is often the most serious side effect of treatment with the other vinca alkaloids.

Halichondrin B, a macrolide lactone polyether, was isolated as a microtubule depolymerizer
from several species of marine sponges. Although unique in structure from the vinca alkaloids,
halichondrin B noncompetitively inhibits vinca-alkaloid binding to tubulin through an
allosteric interaction 16. Therefore, the “vinca domain” is made up of both the vinca-binding
site and the peptide-binding site 17. Clinically useful quantities of halichondrin B have
notoriously been very difficult to isolate or synthesize. However, Eisai has developed several
structurally simplified synthetic derivatives. One halichondrin derivative, E7389 (Eribulin®;
Eisai), is currently in phase I trials as single agent or in combination with carboplatin, cisplatin
or gemcitabine (Gemzar®; Lilly) against solid tumors 13. Phase II trials for E7389 are also
underway for indications including sarcomas, gynecological tumors, head and neck tumors,
non-small cell lung cancer, breast cancer and prostate cancer. A phase III trial is in progress
comparing E7389 to capecitabine (Xeloda®) in breast cancer 13.

There are a number of naturally occurring microtubule depolymerizing peptides, including
hemiasterlin and dolastatins 10 and 15, which have been found to exert microtubule-
destabilizing effects by binding at or near the vinca-binding site on tubulin. One synthetic
hemiasterlin derivative from Eisai, E7974, is undergoing phase I trials against solid tumors
while another, HTI-286, has shown preclinical activity against bladder cancer 13, 18. Dolstatin
10 as single agent was dropped from clinical trials due to lack of efficacy in multiple clinical
trials 19–22. A synthetic analog of dolastatin 15, cemadotin, failed to advance through clinical
trials due to severe cardiac toxicity 21, 23. A water soluble and metabolically stable cemadotin
derivative, tasidotin (TZT-1027; Genzyme), has shown limited success in solid tumors when
administered intravenously 24. However, the low toxicity profile of tasidotin combined with
its water solubility has made it a candidate for additional testing as an oral formulation. Recent
in vitro studies suggest that tasidotin may also have activity against childhood sarcomas 25.
Cryptophycin, a depsipeptide of fresh water origin, is a very potent (pM) microtubule
depolymerizer that competes with vinca binding and retains efficacy in multidrug resistant
tumors 26, 27. A synthetic cryptophycin derivative, cryptophycin 52 (LY355703), entered and
failed in clinical trials due to the absence of measurable responses and unacceptable toxicity
28.
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Colchicine site-binding agents
Colchicine, another microtubule depolymerizing agent isolated from nature, binds to a different
site on tubulin at the interface of the α/β-tubulin heterodimer, adjacent to the GTP-binding site
of α-tubulin 29. Colchicine preferentially binds to unpolymerized tubulin heterodimers in
solution, forming a stable complex that effectively inhibits microtubule dynamics upon binding
to microtubule ends 30 (Figure 3). Colchicine causes microtubule depolymerization by
inhibiting lateral contacts between protofilaments 31. Although colchicine is a potent
microtubule depolymerizer with antimitotic properties, its severe toxicities at the doses
required for antitumor effects have curtailed any therapeutic development as an anti-cancer
agent. However, the immunomodulating properties of lower doses of colchicine are useful in
the treatment of gout 32.

In spite of the severe toxicity associated with colchicines, several colchicines site-binding
agents are in clinical development. One of these agents is combretastatin in the form of the
disodium phosphate prodrug combretastatin A-4-phosphate (CA4P) 33. One marked advantage
of CA4P is its demonstrated ability to selectively target and disrupt tumor vasculature within
six hours of treatment 34. This is hypothesized to occur through depolymerization of interphase
microtubules in tumor vascular endothelial cells with little effect on established normal
vasculature 35, 36. Although vascular disrupting agents effectively eliminate the core of the
tumor, their inability to eliminate the outer shell of the tumor requires that they be used in
combination with other agents 37. Combinations of CA4P with paclitaxel, carboplatin or
bevacizumab (Avastin®; Genentech) are currently being evaluated in clinical trials against
solid tumors 13, 38, 39. Although the issue of toxicity remains paramount 40, the multifactoral
anticancer properties of the combretastatins have prompted their further clinical evaluation.

An orally bioavailable microtubule depolymerizer that binds to the colchicine site and
circumvents Pgp mediated drug resistance is ABT-751 (Abbott). Xenograft studies have shown
that ABT-751 is effective against solid tumors through antimitotic and vascular disrupting
activities and that it has additive effects when used in combination with other cytotoxic
therapies 41, 42. ABT-751 has also been shown to have activity in a distinct subset of pediatric
tumor models that are refractory to treatment with the vinca alkaloids, including neuroblastoma
and Wilms tumor 43. Clinical trials looking at the effects of ABT-751 in pediatric acute
lymphoblastic leukemia and solid tumors, including neuroblastoma, are in progress 13, 44, 45.

Two other colchicines site-binding drugs that breakdown tumor vasculature are NPI-2358
(Nereus) and SSR97225 (Sanofi-Aventis). The results of a phase I study for NPI-2358,
presented at AACR in April 2008, indicated good tolerability in patients with solid tumors or
lymphoma. Mechanistic studies suggested that tumor blood flow was inhibited 46. Additional
phase I studies are underway to determine optimal dosing of NPI-2358 both as a single agent
and in combination with docetaxel. SSR97225 is also undergoing early clinical development
13.

2-Methoxyestradiol (2ME2; Panzem®; Entremed) is another colchicine site-binding
microtubule depolymerizing agent. Although 2ME2 is an estrogen metabolite, it does not
effectively bind estrogen receptors and its antimitotic properties are independent of cellular
estrogen receptor status 47. 2ME2 has been evaluated in clinical trials for multiple myloma,
glioblastoma, prostate, breast and ovarian cancers. Attractive and unique properties of 2ME2
include inhibition of angiogenesis and the existence of an orally available formulation 48, 49.
However, pharmakodynamic studies in phase I clinical trials have demonstrated that the
bioavailability of 2ME2 is low, presumably due to metabolism to another estrogenic agent, 2-
methoxyestrone (2ME1) 50, 51. ENMD-1198 (Entremed), a 2ME2 analog with improved
metabolic stability, is undergoing phase I studies in advanced solid tumors 52, 53. Preclinical
studies looking at the effect of 2ME2 in rheumatoid arthritis are ongoing 54. Locus
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pharmaceuticals is currently developing a drug candidate, LP-261, that binds competitively at
the colchicine binding site 55. Like 2ME2, LP-261 is an orally bioavailable agent with both
antimitotic and antiangiogenic properties. The efficacy and low toxicity in preclinical studies
have advanced the development of LP-261 in phase I studies of solid tumors.

Microtubule Stabilizers
Taxane site-binding agents

The third of the well-characterized drug-binding sites on tubulin/microtubules is the taxane-
binding site. The taxanes are microtubule-targeting agents that bind to polymerized
microtubules within the lumen of the polymer (Figure 3). They stabilize GDP-bound β-tubulin
protofilaments by straightening them into a conformation resembling the more stable GTP-
bound structure 56. Interestingly, one taxane, paclitaxel (Taxol®, Bristol-Myers Squibb), has
been shown to induce the formation of microtubules containing 12 protofilaments as opposed
to the typical 13 57 (Figure 3). Taxane binding results in a shift of in equilibrium of tubulin
heterodimers from the soluble to the polymerized form, resulting in bundling of interphase
microtubules 58 (Figure 2). At lower, clinically relevant concentrations, the taxanes share a
similar mechanism with vinca and colchicine site-binding agents in that they decrease
microtubule dynamicity, resulting in aberrant mitotic spindle formation, mitotic arrest and
initiation of apoptosis 5, 6.

Paclitaxel and its semi-synthetic analog docetaxel (Taxotere®, Sanofi-Aventis) have become
a mainstay in the treatment of solid tumors, including breast and ovarian cancer 59. Although
the taxanes have shared clinical success for many years, serious limitations of these drugs
include the dose-limiting toxicities of immunosupression and peripheral neuropathy as well as
inherent and acquired drug resistance. The most well established, clinically relevant form of
taxane resistance is overexpression of the P-glycoprotein ATP-binding cassette (ABC) drug
transporter (Pgp). Intrinsic overexpression of Pgp in the liver, kidney and intestinal tract has
limited the use of the taxanes and other Pgp substrates in tumors derived from those tissues
60. Additionally, elevated Pgp levels have been correlated with poor clinical response in breast
and non-small cell lung cancer 61, 62. Taxane treatment has been associated with increased in
Pgp expression, leading to acquired resistance in both the preclinical and clinical setting 60,
63. Although there have been significant efforts to increase the efficacy of Pgp substrates
through combination therapy with Pgp inhibitors, this approach has yet to yield clinical success.
Another clinically relevant mechanism of taxane resistance is overexpression of the βIII isotype
of tubulin, which is normally found specifically expressed in neuronal tissues 64. Studies with
otherwise isogenic cell lines show that elevated levels of βIII-tubulin cause resistance to both
taxane- and vinca-site binding agents 65. Although it has been suggested that mutations in the
tubulin-binding site are correlated with taxane resistance, this original observation has not been
reproduced in further studies, suggesting that it may not be clinically relevant 66. Several
taxane-based formulations and novel taxane-binding agents that have decreased toxicity,
increased tumor delivery or decreased sensitivity to Pgp-mediated resistance are currently
progressing through the clinic.

One serious problem in the development of the taxanes is their poor solubility. This property
necessitated their formulation in cremophor, an agent that causes hypersensitivity reactions
and requires patient pretreatment. Abraxane® (Abraxis) is a paclitaxel derivative that has an
increased intrinsic solubility conferred by the conjugation of albumin to paclitaxel, eliminating
the requirement for cremophor. The increased solubility of Abraxane® dramatically decreases
the time required for drug administration from 3 hours to 30 minutes 67. Abraxane® is currently
approved for use in metastatic breast cancer after failure with anthracyclines and is undergoing
further clinical trials against a myriad of other solid tumors 13. ANG1005 (Angiochem) is
another modified form of paclitaxel that circumvents the use of cremophor. The unique feature
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of ANG1005 is that it consists of paclitaxel molecules conjugated to a receptor-targeting
peptide that allows selective transport across the blood-brain barrier 68. Upon entry into cells,
ANG1005 undergoes esterase cleavage to release three paclitaxel molecules from each receptor
peptide. ANG1005 has shown efficacy against intracerebral tumors in mice and is currently in
early stage clinical trials in recurrent glioblastoma and brain metastasis 13, 69.

XRP9881 (Larotaxel®; Sanofi-Aventis) and TPI287 (Tapestry) are semi-synthetic paclitaxel
derivatives that are poor substrates for the Pgp multidrug transporter, circumventing this
common mechanism of taxane resistance 70, 71. Larotaxel® is currently in phase II trials in
Her2+ breast cancer as a single agent or in combination with trastuzumab (Herceptin®) 13.
Separate studies are in progress looking at the effects of Larotaxel® with capecitabine
(Xeloda®) in metastatic breast cancer. The effect of Larotaxel® used in combination therapy
with cisplatin in non-small cell lung cancer is also being investigated 72. TPI287, an orally
active agent, is in the early stages of phase II trials as a single agent in prostate and pancreatic
cancer 13. Studies in non-Hodgkin’s lymphoma and Hodgkin’s disease are also underway.

Epothilones
The epothilones are microtubule stabilizers of myxo-bacterial origin, making them conducive
to large-scale culture and isolation. Although the epothilones compete with paclitaxel binding,
they appear to have a unique pharmacophore that binds at or near the taxane binding site,
resulting in a similar but slightly distinct mechanism of action 73. Studies demonstrating the
ability of epothilone B, but not paclitaxel, to promote assembly of purified yeast tubulin further
suggests a novel mechanism of action for the epothilones 74. In addition to ease of production,
an attractive feature of the epothilones is the fact that they are poor substrates for Pgp-mediated
export, resulting in efficacy in a significant subset of taxane resistant tumors 75. Several
epothilone derivatives are in clinical development with over 100 separate trials in progress
against solid tumors and lymphoma both as single agent therapy and in combination with other
agents. A semi-synthetic epothilone derivative, ixabepilone (Ixempra®; Bristol-Meyers
Squibb), was approved in the fall of 2007 for metastatic or locally advanced taxane- and
anthracycline-resistant breast cancer 76. Phase II studies examining the effect of Ixabepilone
in chemotherapy-resistant lymphoma are also ongoing 13. Other epothilones progressing
through clinical development include epothilone B (Patupilone®), ZK-EPO (Sagopilone®;
Bayer) and KOS-1584 (Kosan Biosciences) 13, 77–80. In spite of the efficacy of ixabepilone in
previously unresponsive tumors, peripheral neuropathy remains a significant dose-limiting
toxicity in approximately 65% of treated patients 81.

A number of microtubule stabilizers of marine origin have been identified that bind at or near
the taxane-binding site, including discodermolide, dictyostatin, eleutherobin and the
sarcodictyins. Discodermolide (XAA296) entered phase I trials as a result of promising
preclinical data, including efficacy in taxane-resistant Pgp-expressing tumors. Synergistic
effects between paclitaxel and discodermolide were also observed both in vitro and in vivo
82, 83. Optimal dosing conditions with favorable pharmacokinetics were found in phase I
clinical studies. However, an unanticipated side effect of severe pulmonary toxicity was
observed and further clinical development was suspended 84. The limited natural supply and
difficult synthesis has preempted in vivo analysis of dictyostatin, which appears to be a cyclic
analog of and share microtubule contacts with discodermolide 85, 86. Eleutherobin and the
sarcodictyins have not been pursued clinically likely due to their susceptibility to Pgp mediated
transport 87.

Laulimalide & Peloruside A
Laulimalide (fijianolide) is a microtubule stabilizer of marine origin that has a novel
microtubule-binding site on tubulin, allowing for synergism with the taxanes 88, 89. Additional
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advantages of laulimalide include efficacy in Pgp-expressing cell lines and potential anti-
angiogenic activity 90, 91. Although notoriously difficult to synthesize, sufficient quantities of
laulimalide were recently synthesized for in vivo studies. In contrast to efficacy in cancer cell
lines, laulimalide demonstrated minimal tumor inhibition and severe toxicity in vivo, limiting
its potential clinical usefulness 92. However, another study demonstrated the efficacy of
laulimalide in the human colon model HCT-116 both in vitro and in vivo 93. A number of
simplified laulimalide analogs have been synthesized that retain the antimitotic activity of
laulimalide while offering increased stability 94.

Peloruside A shares many of the same properties of laulimalide, including its binding-site and
synergistic effects with the taxanes 95, 96. The tolerability and in vivo efficacy of peloruside A
in xenograft models of non-small cell lung cancer and Pgp-expressing breast cancer was
presented at the Molecular Targets meeting in 2004 97. Reata Pharmaceuticals licensed the
rights to peloruside A (RTA 301) in 2005 as a member of their preclinical development program
98.

Taccalonolides
The taccalonolides, plant-derived natural steroids, are novel microtubule stabilizers that fail to
bind to or enhance polymerization of purified tubulin, suggesting a distinct mechanism of
action compared with all other microtubule-targeting agents 99. The taccalonolides have many
of the same effects on cells as the taxanes, including bundling of interphase microtubules and
mitotic arrest with multiple aberrant spindles 100. Recent studies have demonstrated efficacy
of the taccalonolides in Pgp-expressing, taxane resistant cell lines and tumors 65. Additionally,
unlike paclitaxel, docetaxel, vinblastine and epothilone B, the taccalonolides are effective in
βIII tubulin expressing cell lines 65. The unique structural and mechanistic properties of the
taccalonolides, along with their ability to circumvent multiple modes of clinically relevant
taxane resistance, support continued efforts to explore this group of compounds.

Conclusions
Microtubule targeting agents are actively used in the clinic against a wide variety of solid
tumors and hematological malignancies. However, many obstacles to effective treatment with
currently approved agents are present. These include inherited and acquired resistance, side
effects of peripheral neuropathy and neutropenia, and poor solubility, necessitating the use of
toxic solvents. The many microtubule stabilizers and depolymerizers in preclinical and clinical
development will likely yield a subset of agents that will have advantages over the current
standard of care in defined settings. The demonstrated synergistic effects of these novel agents
with current therapies may also allow for their use at more tolerated doses.
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Figure 1.
Microtubule structure. (A) Tubulin heterodimers are composed of α and β subunits that
polymerize head-to-tail to form protofilaments (B). Thirteen protofilaments form lateral
contacts to create the hollow cylindrical structure of the microtubule (C and D) with β-tubulin
exposed at the microtubule plus end (+) and α-tubulin exposed at the microtubule minus end
(−).
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Figure 2.
The effect of microtubule-targeting agents on interphase microtubules. A10 cells were treated
with vehicle (A), 250 nM vinblastine (B) or 2μM paclitaxel (C) for 18 hours. Microtubules
were visualized by indirect immunofluorescence.
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Figure 3.
Binding sites for microtubule-targeting agents. (A) Vinblastine (Vin) binds toβ-tubulin near
the GTP-binding site at the plus end of microtubules. (B) Colchicine (Col) binds unpolymerized
tubulin at the α/β-tubulin interface near the α-tubulin GTP-binding site and is then incorporated
into microtubules. The binding of either vinblastine or colchicine to microtubule plus-end
decreases microtubule dynamicity. At higher concentrations, binding of these drugs along the
length of microtubules disrupts lateral contacts between protofilaments, resulting in gross
microtubule depolymerization. (C and D) Paclitaxel (pTax) and docetaxel (dTax) bind to the
interior lumen of microtubules, resulting in decreased dynamicity at low concentrations and
microtubule bundling at higher concentrations. Paclitaxel and docetaxel catalyze formation of
microtubules containing 12 and 13 protofilaments respectively.
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