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Abstract 

 
Microtubules are polymer fibers, composed by αβ – tubulin heterodimers that contact head 
– to – tail to form protofilaments, which laterally associate in a helical arrangement to form 
hollow and stiff filaments. They comprise key elements of the cell cytoskeleton as they are 
involved in many cellular processes such as cell trafficking, mitosis and neural functioning. 
The microtubule function is highly dependent on its polymerization dynamics, which first 
layer of regulation consists on the GTPase cycle of tubulin and its addition to a growing 
microtubule, producing the transition of tubulin from a curved conformation in solution to a 
straight conformation in the microtubule lattice. Microtubule dynamic instability is the most 
relevant microtubule dynamic mechanism, and is based on the existence of a lag time 
between the addition of a GTP-tubulin dimer (that consists on its polymerization – prone 
nucleotide state) and the hydrolysis of its GTP molecule. This uncoupling between the two 
processes entails the separation of the microtubule in two chemically and structurally well 
differentiated areas: an unstable microtubule core, formed by GDP-tubulin molecules and 
a cap, located on the microtubule growing tip, comprised of GTP-tubulin molecules and 
their hydrolysis intermediates (GDP + Pi – tubulin) that prevents microtubule from 
depolymerization. Hence, the knowledge of the cap structure and its differences with the 
GDP core is essential for the understanding of microtubule dynamics. The current 
microtubule cap model proposes that GTP-tubulin (modeled from GMPCPP, a slowly 
hydrolysable GTP analog) is axially expanded, facilitating high energy contacts that 
prevent the microtubule from depolymerization. Consequently, the loss of the microtubule 
cap upon the complete GTP hydrolysis produces the destabilization of the microtubule 
structure and its sudden depolymerization, known as catastrophe.   

Due to their role in essential biological functions, microtubules constitute an important 
pharmacological target in antitumor therapeutics, being paclitaxel the most widely 
employed microtubule-targeting agent in cancer chemotherapy. Paclitaxel binds the 
taxane binding site in the microtubule, inducing its structural stabilization and preventing 
depolymerization events. Its ability to disrupt microtubule dynamics is tightly associated to 
its antitumor effects, but the underlying molecular mechanism behind microtubule 
stabilization is still unclear. Nevertheless, paclitaxel induces a microtubule structure similar 
to the previous modeled for the GTP region of the cap, suggesting a biochemical and 
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structural relationship between the nucleotide state and the effects of paclitaxel on the 
microtubule lattice. 

The present work, entitled “Implications of the microtubule cap structure in the 
molecular mechanism of paclitaxel” focus on two main objectives. First, to extend the 
actual knowledge of the structure and biochemistry of the microtubule cap, by means of 
using inorganic fluorides as γ-phosphate analogs to respectively generate models of GTP 
and GDP + Pi tubulin and microtubules. Second, to describe the relationship between the 
nucleotide state of tubulin and the molecular mechanism of paclitaxel, studying the 
structural and biochemical interplay between their binding sites. 

BeF3
- and AlFx are, respectively, GTP and GDP-Pi γ-phosphate analogs that bind tubulin 

similarly to the natural γ-phosphate and induce tubulin polymerization and microtubule 
stabilization. BeF3

- and AlFx produce microtubules that do not show an axial expanded 
lattice, previously attributed to the GTP microtubule cap area. Moreover, GMPCP, the di-
phosphate analog of GMPCPP, also induces an expanded lattice conformation. Thereby, 
the γ-phosphate does not cause the previously observed axial expansion and it might be 
an artifact of α, β-methylene nucleotide analogs. Henceforth, the microtubule cap shows a 
fully compact structure contrary to that proposed in the existing model. 

The taxane binding site and the nucleotide binding site (E-site) biochemically interplay 
both in curved and straight tubulin. The stable occupation of the taxane binding site by 
zampanolide reduces the binding affinity of mant-GTP for curved tubulin and the 
nucleotide state of tubulin determines the paclitaxel stabilizing yield on polymerization. 
Moreover, these binding sites also structurally interplay. The nucleotide γ-phosphate 
controls the effects of paclitaxel in the microtubule structure, as BeF3

- and AlFx hinder the 
axial lattice expansion induced by paclitaxel. Thus, the observed effects of paclitaxel on 
the microtubule require a GDP state of tubulin. In addition, Flutax-2 (FTX2), a fluorescent 
paclitaxel analog, shows faster binding kinetics for pre-expanded GMPCPP-microtubules, 
indicating that the nucleotide state of the microtubule is determinant in the taxane 
pharmacology.  

The results presented in this thesis suggest that the microtubule cap displays a fully 
compact conformation that is stable due to the inter-protofilament lateral contacts. 
However, the interplay between paclitaxel and the nucleotide binding site described in the 
present work, together with recent advances on the knowledge of the microtubule 
structure, its dynamic regulation and the taxane binding tropism for the microtubule 
growing tips suggest the existence of a transient expanded lattice in the microtubule cap, 
likely involved in the Pi release after GTP hydrolysis.  
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Resumen 
 

Los microtúbulos son fibras poliméricas, compuestas por αβ - heterodímeros de tubulina 
que entran en contacto cabeza-cola para formar protofilamentos, los cuáles se asocian 
lateralmente en una disposición helicoidal para constituir filamentos huecos y rígidos. 
Éstos son elementos clave del citoesqueleto celular, ya que están involucrados en 
muchos procesos celulares como el tráfico celular, la mitosis y el funcionamiento 
neuronal. La función de los microtúbulos depende en gran medida de su dinámica de 
polimerización, cuyo primera nivel de regulación consiste en el ciclo GTPasa de la 
tubulina y su adición a un microtúbulo en crecimiento, produciendo la transición de la 
tubulina de una conformación curva en solución a una conformación recta en la red de 
microtúbulos. La inestabilidad dinámica de los microtúbulos es el mecanismo dinámico 
más relevante de los microtúbulos, y se basa en la existencia de un desfase entre la 
adición de un dímero de GTP-tubulina (que consiste en su estado nucleotídico propenso a 
polimerizar) y la hidrólisis de su molécula de GTP. Este desacoplamiento entre los dos 
procesos conlleva la separación del microtúbulo en dos áreas química y estructuralmente 
bien diferenciadas: un núcleo inestable, formado por moléculas de GDP-tubulina y un 
extremo, ubicado en la punta de crecimiento de microtúbulos, compuesto por moléculas 
de GTP-tubulina y sus intermedios de hidrólisis (GDP + Pi - tubulina) que previene la 
despolimerización de los microtúbulos. Por lo tanto, el conocimiento de la estructura del 
extremo y sus diferencias con el núcleo del GDP son esenciales para comprender la 
dinámica de los microtúbulos. El modelo actual del extremo de microtúbulos propone que 
la tubulina GTP (modelada a partir de GMPCPP, un análogo de GTP lentamente 
hidrolizable) se expande axialmente, lo que facilita contactos de alta energía que evitan la 
despolimerización del microtúbulo. En consecuencia, la pérdida del extremo de los 
microtúbulos tras la hidrólisis completa de GTP produce la desestabilización de la 
estructura de los microtúbulos y su despolimerización repentina, conocida como 
catástrofe. 

Debido a su papel en funciones biológicas esenciales, los microtúbulos son un objetivo 
farmacológico importante en la terapéutica del cáncer, siendo el paclitaxel el fármaco 
dirigido a microtúbulos más utilizado en la quimioterapia del cáncer. Paclitaxel se une al 
sitio de taxano en el microtúbulo, induciendo su estabilización estructural y previniendo 
eventos de despolimerización. Esta capacidad para alterar la dinámica de los 
microtúbulos está estrechamente relacionada con sus efectos antitumorales, pero el 
mecanismo molecular subyacente a la estabilización de los microtúbulos aún no está 
claro. No obstante, paclitaxel induce una estructura reticular de microtúbulos similar a la 
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modelada previamente para la región GTP del extremo, lo que sugiere una relación 
bioquímica y estructural entre el estado nucleotídico y los efectos del paclitaxel en la red 
microtubular. 

El presente trabajo, titulado “Implicaciones de la estructura del extremo del 
microtúbulo en el mecanismo molecular del paclitaxel” se centra en dos objetivos 
principales. En primer lugar, ampliar el conocimiento actual sobre la estructura y la 
bioquímica del extremo del microtúbulo, mediante el uso de fluoruros inorgánicos como 
análogos de γ-fosfato para generar modelos de tubulina y microtúbulos de GTP y GDP- 
Pi. En segundo lugar, describir la relación entre el estado nucleotídico de la tubulina y el 
mecanismo molecular del paclitaxel mediante el estudio de la interacción estructural y 
bioquímica entre sus sitios de unión. 

BeF3
- y AlFx son, respectivamente, análogos del γ-fosfato de GTP y GDP-Pi que se unen 

a la tubulina de forma similar al γ-fosfato natural e inducen la polimerización de tubulina y 
la estabilización de microtúbulos. BeF3

- y AlFx producen microtúbulos que no muestran 
una red axialmente expandida, previamente atribuida al extremo GTP de los microtúbulos. 
Además, GMPCP, el análogo de difosfato de GMPCPP, también induce una conformación 
microtubular expandida. Por tanto, la expansión axial observada anteriormente no se debe 
al efecto del γ-fosfato y podría ser un artefacto de los análogos de nucleótidos α,β-
metileno. Por todo ello, el extremo de microtúbulos presenta una estructura 
completamente compacta, contraria a la propuesta en el modelo existente hasta la fecha. 

El sitio de unión de taxano y el sitio de unión de nucleótidos (sitio E) interactúan 
bioquímicamente en tubulina curva en solución y en tubulina microtubular recta. La 
ocupación estable del sitio de unión del taxano por zampanolida reduce la afinidad de 
unión de mant-GTP por la tubulina curvada y el estado nucleotídico de la tubulina 
determina el rendimiento de estabilización del paclitaxel en la polimerización. Además, 
estos sitios de unión también interactúan estructuralmente. El γ-fosfato del nucleótido 
controla los efectos del paclitaxel en la estructura del microtúbulo, ya que BeF3

- y AlFx 
impiden la expansión axial inducida por paclitaxel. Por tanto, los efectos de paclitaxel 
observados en el microtúbulo requieren un estado de GDP de tubulina. Además, Flutax-2 
(FTX2), un análogo de paclitaxel fluorescente, muestra una cinética de unión más rápida a 
microtúbulos-GMPCPP pre-expandidos, lo que indica que el estado nucleotídico del 
microtúbulo es determinante en la farmacología de los taxanos. 

Los resultados presentados en esta tesis sugieren que el extremo de los microtúbulos 
muestra una conformación completamente compacta que es estable debido a los 
contactos laterales entre protofilamentos. Sin embargo, la interacción entre el paclitaxel y 
el sitio de unión de nucleótidos descrito en el presente trabajo, junto con los avances 
recientes en el conocimiento de la estructura de los microtúbulos, su regulación dinámica 
y el tropismo de unión de taxanos para las puntas de crecimiento de los microtúbulos 
sugieren la existencia de un estado transitorio de red expandida, probablemente 
involucrada en la liberación de Pi posterior a la hidrólisis de GTP. 
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Introduction 

 
 

1.1. The cell cytoskeleton. Evolution of the concept. 

In the 17th century, Gottfried W. Leibniz proposed the idea of the cell as an unity, based on 
the concept of ‘monad’, the static morphological and functional basic unity of living entities. 
This idea suffered no further changes until the 19th century, when Felix Dujardin underlined 
the need of a cytoplasmic apparatus with the ability to control the position of different 
organelles (Dujardin, 1835). He defined the ‘sarcode’ as the basic substance for all living 
entities that provided the basic qualities for life: contractibility and extensibility. Later, in the 
first half of the 20th century, a scientific inquietude emerged based on defining how the cell 
organizes and coordinates its dynamic events. Thanks to notorious advances in light 
microscopy, Edwing G. Conklin and Paul Wintrebert performed oocyte cytoplasm studies 
(Conklin, 1908, Witrebert, 1931) that supported the existence of some sort of cellular 
network contributing on keeping the position of organelles and other oocyte materials. 
Conklin named this cell-organizing material as ‘spongioplasm’ whereas Wintrebert coined 
the term ‘cytoskeleton’.  

Nowadays, the definition of cytoskeleton is ‘a complex and dynamic network of protein 
filaments, present in the cytoplasm of all cells including bacteria and archaea’. In 
eukaryotes, it comprises three main components: actin microfilaments, intermediate 
filaments and microtubules (Hardin et al., 2015). The term ‘skeleton’ might lead to think of 
a static network, but first observations in actin cytoskeleton changed the concept and 
nowadays, we know that it as a highly dynamic entity.  

Actin microfilaments are strong and flexible structures of 7 nm of diameter, able to 
generate forces through their ATP-driven polymerization from G-actin. In the 1950s, Szent-
Györgyi and Straub, two researchers interested on muscular contraction, isolated Myosin 
and Actin from muscular tissues (Straub and Feuer, 1950, Szent-Gyorgyi, 1949) which 
definitely contributed on the description of the muscular contraction mechanism by Andrew 
Huxley. Huxley showed that the driving force on the process of contraction was the 
dynamic formation of actin-myosin linkages (Huxley, 1957), suggesting that the actin 
cytoskeleton was a dynamic entity. Shortly after, Ishikawa and Lazarides demonstrated the 
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presence of actin in a variety of cell types (Ishikawa et al., 1969, Lazarides and Weber, 
1974) and therefore, that actin was also involved in many other functions such as cell 
motility (Pollard and Weihing, 1974) cellular attachment to extracellular matrix (Heath and 
Dunn, 1978) and cell division, as is a major component of the contractile ring formed 
during cytokinesis (Schroeder, 1973). 

Intermediate filaments are strong structures composed of one or more members of a large 
family of proteins encoded by over 70 different genes. These proteins form tetramers that 
associate head-to-tail to form protofilaments and eight protofilaments build an intermediate 
filament of about 10 nm of diameter. In 1968, Holtzer and Ishikawa first reported their 
existence, associated to muscle cells (Ishikawa et al., 1968). However, it was not until the 
1990s when Coulombe and Vassar established one of the most relevant functions of 
intermediate filaments through the description of keratin filaments (one of the types of 
intermediate filaments) as essential structures for the integrity of the epithelia (Coulombe 
et al., 1991, Vassar et al., 1991). This is because keratin filaments entail the desmosome 
cross-linking that sustains the epithelia structure with high tensile strength (Garrod and 
Chidgey, 2008).   

In the 1950s, the first observation of microtubules occurred with the detection of undefined 
cross-striated filaments in the cilia and flagella of axonemes (Potts, 1955). At that time, 
Shinya Inoue employed polarized microscopy to describe the filamentous structure of the 
mitotic spindle, its changes during the cell cycle and the structural disruptive effect of 
colchicine on it (Inoue, 1953, Inoue, 2008). In 1967, in collaboration with Hidemi Sato, they 
established the first model of the of mitotic spindle (Inoue and Sato, 1967) that consisted in 
filaments (microtubules) in equilibrium with low sedimentation particles (tubulin) able to 
exert forces capable of moving chromosomes. At the same time, Grimstone and Klug 
observed by negative stain electron microscopy images of Trichonympha flagella that 
some sort of beaded strings composed the microtubules, forming a cylinder with a helical 
lattice (Grimstone and Klug, 1966). These ‘beads’ or subunits raised two axial helix 
periodicities (4 and 8 nm), though they could not find any information about their identity. 
By then, Edward Taylor and Gary Borisy described these beads as the microtubular 
protein, through their characterization as a 6S component of the soluble fraction of sea 
urchin eggs (Borisy and Taylor, 1967b) and tissue culture cells (Borisy and Taylor, 1967a). 
In 1968, Hideo Mori isolated this protein from sea urchin spermatozoa and coined the 
name ‘tubulin’ (Mohri, 1968).  
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Figure 1: Schematic representation of the three main components of the cell cytoskeleton: microtubules, 
intermediate filaments and f-actin. 

 

1.2. Microtubule structure and regulation. 

Cytoskeletal microtubules are long, relatively stiff and highly dynamic helical filaments. 
Their main component is αβ-tubulin, a 110 kDa heterodimer with an 8 nm axial length, 
composed of two highly similar globular monomers: α-tubulin and β-tubulin, that share 
around a 40% sequence identity (Ludueña, 1998) and show a very high homology at their 
secondary and tertiary structures. However, some sequence differences between the 
tubulin monomers explain the dimer structure peculiarities and its biological behavior.  
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1.2.1. Structure of microtubules. 

The microtubule polymerization process consists on a head-to-tail association of 
αβ-tubulin heterodimers (henceforward referred as ‘tubulin’, ‘tubulin subunits’ or ‘tubulin 
dimers’) to form protofilaments that laterally associate to produce a hollow cylinder of 
commonly 23 - 24 nm of diameter and usually composed of 13 protofilaments in cells 
(Darnell et al., 1990), or 9 – 18 in vitro, without losing their stiffness and cylinder shape 
(Chretien and Wade, 1991). 

In the 1970s, the analysis of electron micrographs of flagellar microtubules in the Fourier 
space and their spatial reconstruction showed that, rather than a parallel arrangement of 
the protofilaments, 13-protofilament microtubules displayed a helical surface lattice, 
because of an approximately 0.9 nm axial subunit rise between adjacent protofilaments 
(Amos and Klug, 1974). Thereby, in a 13-protofilament microtubule, the total axial rise in 
one helical turn is 12 nm, which is three times the tubulin monomer length (4 nm). This 
helical feature confers a 3-start helix identity to 13-protofilament microtubules. In this first 
structural description of the microtubule, the authors concluded that the helical symmetry 
was not clear and microtubules could be described by two possible lattices depending on 
lateral interactions between protofilaments: i) A-lattice explained by heterologous 
inter-protofilament contacts (α - β and β - α) or ii) B-lattice, with homologous inter-
protofilament contacts (α - α and β - β). Since the B-lattice implies an odd-start helix (i.e. 3-
start) it had to show a discontinuity in which two protofilaments established A-lattice-like 
heterologous interactions. Later, different research works confirmed the B-lattice structure 
of the microtubule lattice with an A-lattice-like discontinuity (Mandelkow et al., 1986), 
termed as the microtubule seam (Kikkawa et al., 1994). Due to the seam, the helical 
arrangement within the microtubule breaks and hence, the symmetry is in fact 
pseudo-helical.  

The above described 3-start and 13-protofilament microtubules are canonical in eukaryote 
cells. However, tubulin can assemble into a wide range of microtubules that differ in the 
protofilament and the helix-start numbers (Chaaban and Brouhard, 2017). In order to 
accommodate such variety of arrangements, the microtubule lattice undergoes a surface 
lattice accommodation (Chretien and Wade, 1991) where tubulin dimers modify their 
interactions to allow two main lattice modifications: i) right-handed or left-handed skewed 
protofilament supertwisting around the microtubule and ii) variations on the axial stagger 
between protofilaments (Chretien and Fuller, 2000). These structural changes modify the 
inter-protofilament contacts to preserve the cylinder structure and the B-lattice, ensuring 
the stability and mechanical properties of the filament. 

In summary, microtubules are pseudo-helical cylinders composed by the lateral 
association of protofilaments that can accommodate different helical arrangements in 
order to ensure the cylinder structure and the stiffness of the filament. However, this static 
view of the microtubule structure itself is not enough to understand the biological functions 
of these filaments because, as mentioned above, they are highly dynamic through the 
polymerization and depolymerization of tubulin subunits. The structure of tubulin and its 
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GTPase activity direct these processes, although there are a variety of external elements 
that ensure a coordinated microtubule function in cells. 

 

Figure 2: Structure of a 13-protofilament microtubule arranged in a 3-start helix (13_3). Examples of surface 
accommodation for 14-protofilament microtubules: introducing a lattice supertwisting to preserve the 3-start 
helix (14_3) or changing the axial stagger between protofilaments, generating 4-start microtubules with no 
seam (14_4). The microtubule lattice scheme shows α-tubulin in pink and β-tubulin in green. 

  

1.2.2.   Structure of the αβ-Tubulin.  

Tubulin constitutes a superfamily of proteins that spreads into eukaryotes, prokaryotes, 
plasmids and viruses. In eukaryotes, the superfamily of tubulin includes six distinct 
families: α, β, γ, δ, ε and ζ tubulins. Among them, α, β and γ are ubiquitous tubulins in 
eukaryotes: α and β constitute the building blocks of mammalian microtubules, whereas γ 
tubulin is the main component of the microtubule organizing centers (MTOCs) (Oakley, 
2000).  

Tubulin is a GTP-ase, first defined as the colchicine-binding protein (Weisenberg et al., 
1968) and later, proved to self-assemble in microtubules in the presence of GTP and 
magnesium under favorable temperature and buffer conditions (Lee and Timasheff, 1975). 
In 1998, Eva Nogales first solved at 3.8 Å the structure of tubulin by electron 
crystallography of zinc-induced sheets of paclitaxel-bound tubulin complexes (PDB 
accession code: 1TUB) (Nogales et al., 1998b) and in 2001, Jan Löwe refined the 
structural model at 3.5 Å through an improved data processing (PDB accession code: 
1JFF) (Löwe et al., 2001). In these models, α and β tubulin monomers are divided in 3 
structural domains: N-terminal, intermediate and C-terminal. 
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The N-terminal domain (residues 1 – 205) is a Rossmann fold that constitutes the 
nucleotide binding domain (NBD) of tubulin: a six-stranded parallel β-sheet (S1-S6) 
surrounded by seven helices (H1-H7). The loops that join the strands (T1-T6) are involved 
in the formation of the nucleotide binding site.  Different to actin, the nucleotide binding site 
is positioned in the interface between two molecules: in α-tubulin the binding site is 
intradimeric, as it is blocked by β-tubulin, meaning that there is no possible nucleotide 
exchange and so, it is defined as the non-exchangeable site (N-site) whereas in β-tubulin 
the binding site is interdimeric, so the binding site can exchange the nucleotide in solution 
and hence, it is defined as the exchangeable site (E-site). A magnesium ion binds 
associated with the nucleotide, forming GDP-Mg2+ or GTP-Mg2+ complexes. This ion acts 
as a GTP hydrolysis cofactor on the E-site and as a dimer stability factor on the N-site 
(Menendez et al., 1998).  

The intermediate domain (residues 206 – 381) contains the paclitaxel binding site and the 
catalytic loop (T7 loop) implicated on GTP hydrolysis of the nucleotide in β-tubulin. Tubulin 
sequences show a significant functional difference between α and β tubulin because in 
α-tubulin, the T7 loop contains a Glu254 and a Lys254 in β-tubulin. This key difference 
implies that unlike Lys254 on the intradimeric nucleotide pocket, Glu254 on α-tubulin can 
execute the catalytic water molecule activation to achieve the interdimeric GTP hydrolysis. 
Both N-terminal and intermediate domains are arranged around a central helix (H7) 
connecting the intermediate domain with the base of the Rossmann fold, and completing 
the nucleotide binding site. This helix acts as a hinge, driving conformational changes 
involved in tubulin polymerization (Oliva et al., 2004). This domain also contains the 
M-loop (S7-H9 loop), an important secondary structure for the microtubule stabilization. 
The sequence of the M-loop and its insertion area in N-terminal domain of the neighboring 
protofilament (mainly involving the loop H1-S2 and the helix H3) are very divergent 
between α and β tubulin and drive the preference of the above mentioned B-lattice against 
the A-lattice.  

The C-terminal domain (residues 382 – 441) groups the helixes H11 and H12 and a short 
tail that remains exposed to the solvent when the dimer incorporates to the microtubule. 
This domain constitutes an anchor point for post-transcriptional modifications and 
interaction with microtubule-associated proteins (MAPs). 

Despite the fact that members of the tubulin superfamily show significative structural 
differences between species, they share a common fold of two domains connected by a 
central helix (i.e. the N-terminal and intermediate domains of tubulin, connected by H7). 
Tubulins mainly differ with respect to other GTPase families in: i) the topology of the NBD, 
sharing the position and orientation of the loops, β-sheets and α-helices of the Rossmann 
fold ii) the location of the catalytic loop in a different subunit, requiring the self-assemble of 
tubulin to engage the NBD with the catalytic domain of a second tubulin dimer and so, 
building the catalytic nucleotide binding site (Nogales et al., 1998a). This is the main 
conditioning feature of the special guanosine-5’-triphosphatase (GTPase) cycle of this 
superfamily and implies the need of a head to tail contact of two tubulin molecules, the first 
event on tubulin polymerization. 
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Figure 3: Structural domains of the tubulin monomer. A. Ribbon diagrams for α – tubulin. Structure extracted 
from Protein Data Bank (PDB:6DPV). B. Tubulin topology map, highlighting the three structural domains of 
tubulin. The scheme shows α-helices as cylinders, β – sheets as arrows and loops as strands. Figure adapted 
from Nogales et al., 1998. 
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1.2.3. Structural mechanisms of tubulin activation: curved to straight 
conformational transition.  

The use of zinc ions is a biochemical procedure to induce the polymerization of tubulin into 
two-dimensional antiparallel crystalline sheets that acquire a protofilament structure similar 
to that in microtubules (Baker and Amos, 1978) and are suitable for structural studies by 
electron crystallography. In fact, as mentioned above, Nogales and Löwe employed this 
technique to obtain the first structures of tubulin at near atomic resolution. However, the 
use of zinc-induced sheets did not provide much information about tubulin conformation in 
solution, where there are no lateral contacts. In fact, observations of microtubules 
depolymerizing in cold and GDP-tubulin aggregation showed that tubulin form other 
structures, where dimers are in a curved conformation (Diaz et al., 1994, Melki et al., 
1989). Hence, it was proposed that tubulin in solution is in a curved conformation, which 
was further confirmed by the structural characterization of the tubulin tetramer complex 
with stathmin by macromolecular X-ray crystallography (Gigant et al., 2000, Steinmetz et 
al., 2000) and the analysis of tubulin in solution by small-angle X-ray scattering (SAXS) 
showing that α and β monomers exhibited a kink angle of about 12 º (Rice et al., 2008). In 
conclusion, tubulin can display two basic conformations: a curved conformation in solution 
and a straight one in microtubules. The conformational change from the curved to the 
straight conformation and thus, tubulin polymerization, is closely linked to the GTPase 
cycle of tubulin, as explained below. 
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Figure 4: Schematic representation of the curved and straight conformations of tubulin and their most 
representative related structures. The figures show α-tubulin represented in pink and β-tubulin in green. 

 

The tubulin GTPase cycle is very similar to that of any other GTPase, and is based on the 
nucleotide state of the protein. Thus, the GTP bound state is the active state whereas the 
GDP bound state is inactive, as the differences in the bound nucleotide induce small 
conformational modifications that drive changes in affinity for their GTPase activating 
proteins (GAPs) (Wittinghofer et al., 1997). However, tubulin has the distinction of acting 
as its own GAP and hence, the tubulin activation upon GTP binding entails an increase in 
the binding affinity for a second dimer, producing their head-to-tail association. Therefore, 
GTP-tubulin is linked to the induction of a polymerization-prone state of tubulin. This 
results from the contacts of GTP γ-phosphate in β-tubulin with the T3 loop of β-tubulin, 
moving the residue Asn101 that forces the T5 loop conformational change, flipping it out 
from the nucleotide binding site. This βT5 conformational change has two consequences: 
i) it makes βT3 available for interacting with the α subunit of an upper tubulin heterodimer 
within the protofilament and ii) the positioning of the negatively charged lateral chain of 
Asp179 in βT5 likely favors the interaction with a positively charged region at the α 
monomer (Nawrotek et al., 2011). Thereby, GTP-tubulin heterodimers can build a new 
protofilament, as their longitudinal surfaces are favored for the establishment of 
head-to-tail interactions with a second tubulin molecule. However, in order to complete the 
final GTP catalytic pocket, the nucleotide binding site and the catalytic loop of the incoming 
α-tubulin require an optimal spatial configuration, only achieved after the fully straightening 
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of tubulin (Oliva et al., 2004) that takes place with the formation of lateral 
inter-protofilament contacts, closing the microtubule (Nogales and Wang, 2006). Hence, 
the GTP hydrolysis to GDP on tubulin is coupled to the curved to straight conformational 
transition upon tubulin polymerization and the microtubule closure. 

The GTP cycle closes through the exchange of the hydrolyzed GDP by GTP. However, 
since the E-site is blocked by the α subunit above, the GDP is not exchangeable in the 
microtubule lattice unless the polymerization interface opens up upon depolymerization 
(Nogales et al., 1999). GDP-tubulin has lower affinity for the other subunits because GTP 
hydrolysis implies the alteration of the inter-dimer interfaces which makes assembled 
straight tubulin prone to reverse to its curved conformation (Wang and Nogales, 2005, 
Mandelkow et al., 1991) introducing strain into the lattice that will eventually induce a rapid 
depolymerization. 

In conclusion, the nucleotide-bound state of curved tubulin in solution regulates the 
conformational changes required for the interaction with other heterodimers, driving 
microtubule polymerization and depolymerization. Hence, the tubulin GTPase cycle is the 
first regulation level of microtubule dynamics.  

 

1.2.4. Regulation of microtubule polymerization dynamics.  

Tubulin activation through GTP exchange translates into microtubule polymerization 
whereas its hydrolysis to GDP means a tubulin deactivation and the microtubule 
depolymerization. Microtubule dynamics proceed in three phases: nucleation, elongation 
and shortening. Nucleation consists on a de novo formation of tubulin oligomers from 
dimeric tubulin that seed the elongation of the microtubule. The formation of those ‘critical 
oligomers’ is an equilibrium reaction, so is very sensitive to tubulin concentration (Erickson 
and Pantaloni, 1981). Besides, elongation and shortening dynamics are subjected to the 
relationship between the addition of an active GTP-tubulin dimer to the growing 
microtubule end and the hydrolysis of the GTP. Depending on this relationship, these two 
processes regulate the two mechanisms essential for force and movement generation: 
treadmilling and dynamic instability. 

The microtubule polarized growth is the basis of both treadmilling and dynamic instability, 
because the elongation is more favorably in one of the microtubule ends. The polar 
structure of the tubulin dimer implies a different topology of the microtubule tips and thus, 
the one that exposes β-tubulin is defined as the plus-end, whereas the opposite that 
exposes α-tubulin is the minus-end. These differences in the apical surfaces of the tubulin 
dimer condition a biased directional growth: polymerization is faster in the plus-end than in 
the-minus end, as the α-tubulin from an incoming dimer would contact more favorably with 
β-tubulin in the plus end of the protofilament than the other way around (Desai and 
Mitchison, 1997). 
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1.2.4.1. Mechanisms of microtubule force and movement generation: treadmilling 
and dynamic instability. 

In the 1970s, based on the polar structure of actin filaments, Albrecht Wegner reasoned 
that if an irreversible chemical step (i.e. nucleotide hydrolysis) immediately followed the 
assembly of polar polymers, this would bring a net growth of the microtubule in one of the 
tips while a shrinkage in the opposite, with a net flux of tubulin dimers from the former to 
the latter (Wegner, 1976). This behavior is the treadmilling and in microtubules is 
schematically based on an immediate GTP hydrolysis after tubulin incorporation (Margolis 
and Wilson, 1978) that produces a net displacement of the microtubule in one direction, 
producing pushing force and movement. Microtubule treadmilling is probably involved in 
signal transmission processes between kinetochore and poles during metaphase and 
anaphase stages (Rodionov and Borisy, 1997, McIntosh et al., 2002).  

Some years after the description of treadmilling, from observations of fixed in vitro 
reconstituted microtubules, Tim Mitchison and Marck Kirschner proposed another model 
explaining microtubule movement and force generation, denominated dynamic instability 
(Mitchison and Kirschner, 1984a) which was further confirmed from unfixed microtubule 
preparations (Horio and Hotani, 1986). Mitchinson and Kirschner coined this term from the 
observation of the co-existence of growing and shrinking microtubules in the same 
physical-chemical conditions. Accordingly, microtubules polymerize in a concentration and 
temperature dependent manner, but eventually depolymerize with a several faster rate 
(this event is defined as ‘catastrophe’). This change on the behavior occurs independently 
of tubulin concentration or the influence of neighboring microtubules, which makes 
dynamic instability a stochastic process. Besides, another possible event is the rescue of a 
microtubule in catastrophe, which restarts growing. Accordingly, the mass of microtubules 
in solution depends on: i) their growth rates and durations ii) their shortening rates and 
durations and iii) the frequency of catastrophe and rescue events. Microtubule dynamic 
instability is the main mechanism of microtubule dynamics and has an enormous biological 
relevance because the elongation process makes microtubules able to generate pushing 
forces and inversely, catastrophe entails pulling forces (Brouhard and Rice, 2018, Desai 
and Mitchison, 1997).  
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Figure 5: Schematic representation of microtubule dynamic instability and treadmilling. Dynamic instability 
consists on growth and catastrophe events that respectively produce pushing and pulling forces. Treadmilling 
mechanism involves a net flow of tubulin dimers from the minus end to the plus end, generating the 
displacement of the microtubule in one direction. The figure shows α-tubulin in pink and β-tubulin in green.  

 

1.2.4.2. Regulation of dynamic instability. Structure of the microtubule cap. 

The key difference between dynamic instability and treadmilling is the need of a delay in 
GTP hydrolysis after dimer addition to the microtubule end. Thus, unlike treadmilling, 
dynamic instability requires a lag time between dimer addition and GTP hydrolysis. This 
interval entails the division of the microtubule into two chemical and structural different 
regions: the core, formed by GDP-tubulin dimers in which hydrolysis has already occurred 
and a GTP-tubulin-enriched cap located at the end of the microtubule that preserves the 
high-energy inter-dimer interfaces. Thus, the microtubule cap maintains the shape of the 
microtubule, preventing the GDP-tubulin core from depolymerization (Walker et al., 1991). 
However, if GTPase activity reaches the tip and there is no addition of more capping 
tubulins, catastrophe occurs and the microtubule fully depolymerizes (unless rescue 
events re-cap the microtubule end). 
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Figure 6: Implications of the microtubule cap on dynamic instability. Active GTP-tubulin produces the 
microtubule growth and the delay between the dimer addition and the GTP hydrolysis causes the formation of 
the microtubule cap. When hydrolysis reaches the microtubule tip and the cap disappears, the microtubule 
undergoes catastrophe unless the microtubule incorporates new GTP-tubulin subunits, producing the 
microtubule rescue. The scheme represents α-tubulin in blue and β-tubulin bound to GTP in yellow or bound to 
GDP in grey. 

 

The microtubule cap contains several hundreds of tubulin dimers in the frontier between 
curved and straight tubulin. Cryo-EM imaging shows a wide variety of structures in the plus 
end of the microtubule, previous to the microtubule full-closure. These structures adopt a 
range of partially-curved configurations stabilized by primary lateral contacts between 
protofilaments, providing different arrangements such as short blunt ends, tapered 
structures and sheet-like protofilament aggregates (Brouhard and Rice, 2018). However, 
recent microtubule observations by cryo-EM combined with tomography highlight that the 
plus-end of the microtubule might be composed of flared independent protofilaments. This 
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has two major implications: i) the lateral contacts between protofilaments occur after their 
elongation and ii) the dimer curvature of growing and shrinking microtubules is very similar 
(McIntosh et al., 2018). 

The knowledge of the microtubule cap structure and its main differences with the GDP 
core would definitely provide outstanding information about the structural basis and 
regulation of dynamic instability and the key features recognized by MAPs for microtubule 
in vivo dynamic regulation. However, the dynamic behavior of microtubules makes difficult 
to obtain GTP-model microtubules, as the GTP hydrolysis is linked to a quick disassembly. 
Thereby, the use of GTP analogs or γ-phosphate mimetics that stabilize the microtubule 
has become the preferred tool in the study of the microtubule cap, as they supply static 
models that allow its biochemical and structural study. 

Among GTP analogs, microtubules polymerized from GMPCPP and GTPγS tubulin 
constitute, respectively, the actual GTP and GDP-Pi microtubule cap models. GMPCPP is 
a slowly hydrolysable nucleotide and due to its ability to induce tubulin polymerization with 
similar kinetics to GTP without depolymerization (as there is no hydrolysis), it is a 
bona-fide GTP analog (Hyman et al., 1992). In 1995, Hyman first described the effects of 
GMPCPP using cryo-electron microscopy (cryo-EM) indicating an increase of the dimer 
length and changes in the protofilament twist respect to GDP microtubules (Hyman et al., 
1995). Besides, GTPγS  is a mimic of the GDP-Pi transition state of hydrolysis, as it is a 
non-hydrolysable guanosine tri-phosphate analog but unlike GMPCPP, it does not induce 
tubulin assembly (Hamel and Lin, 1984) but supports elongation from microtubule seeds 
(Maurer et al., 2014). 

In the last years, cryo-EM has become a reference on microtubule structural biology due to 
its quick improvement, thus allowing to obtain nearly atomic resolution models (Manka and 
Moores, 2018a). Hence, there are a high number of cryo-EM structures obtained from 
GMPCPP, GTPγS and GDP microtubules that have contributed to the structural basis of 
the current GTP cap model. This model essentially proposes that in the microtubule lattice, 
tubulin goes through three conformations: i) expanded GTP-tubulin, with an axial dimer 
length increased in about a 2.4 % respect the GDP tubulin as the consequence of an α-
tubulin expansion,  ii) GDP-Pi tubulin, that undergoes a dimer twisting (rotation of the 
tubulin dimer on the protofilament axis) and a compaction that facilitates the release of the 
inorganic phosphate (Zhang et al., 2015) and, iii) a compact and unstable GDP tubulin 
state that eventually depolymerizes. According to this model, the expanded conformation 
of the GTP tubulin confers stability to the microtubule cap, although there is controversy 
about whether this lattice conformation reinforces longitudinal intra-protofilament contacts 
(Alushin et al., 2014) or lateral inter-protofilament contacts (Manka and Moores, 2018b). 

Thereby, GTP hydrolysis entails a tubulin dimer compaction and a weakening of inter-
dimer interactions that keep tubulin dimers in a straight conformation, facilitating the 
straight to curved transition and thereby, microtubule depolymerization. In conclusion, the 
expanded conformation of GMPCPP as a mimic of the GTP state is the basis of the 
current microtubule cap model and subsequently, of the dynamic instability mechanism.  
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Figure 7: Current microtubule cap model. The GTP-cap, modeled from GMPCPP microtubules, shows an 
expanded lattice conformation and a right handed supertwist. GTP hydrolysis results in the formation of a 
compact left-handed GDP-Pi lattice, modeled from GTPγS microtubules. The subsequent Pi release produces 
the unstable GDP core of the microtubule that will eventually depolymerize. 

 

1.3. Cellular regulation of microtubule dynamics and functions. 

Microtubules play a fundamental role in many essential processes of the cell. Their 
mechanical properties and their ability to exert forces through dynamic instability and 
treadmilling explain many functions such as cell movement, being the main component of 
cilia and flagella centrioles (Wan, 2018) and chromosome segregation as the main 
component of the mitotic spindle (Petry, 2016) or cell trafficking, essential in neuronal 
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function (Franker and Hoogenraad, 2013). Other functions associated to microtubules are 
cellular morphogenesis and development of the nervous system (Matamoros and Baas, 
2016), cell polarity (Lu and Gelfand, 2017), cell migration (Etienne-Manneville, 2013) and 
cell adhesion (Seetharaman and Etienne-Manneville, 2019).  

In vitro studies of microtubule dynamics are essential to understand the molecular 
mechanism of dynamic instability. These studies employ experimental systems in which 
tubulin is the only biological component, and the observed dynamics are strictly explained 
from the inherent biochemical properties of the tubulin dimer: the GTPase cycle of tubulin 
and the formation of the GTP cap, regulated by tubulin concentration and its nucleotide 
state. However, the microtubule cytoskeleton in cells requires a finely tuned dynamic 
behavior and to do so, an ensemble of macromolecules and elements constitute a 
complex regulatory framework of the microtubule dynamics. The regulatory elements 
presented below are some of the most relevantly involved in adapting microtubule 
dynamics to cell requirements and thus, essential for understanding microtubule cell 
functions. 

1.3.1. Microtubule organizing centers. 

As mentioned above, microtubules are polar cylinders, showing a fast-growing plus-end 
and a slower minus-end. The microtubule organizing centers (MTOCs) are structures that 
are mainly constituted by γ-tubulin and regulate microtubule nucleation and anchoring in 
cells (Kollman et al., 2011). These structures consist on clusters of microtubule regulators 
and γ-tubulin ring complexes (γ-TuRC) that cap the microtubule minus-end, sourcing 
microtubules that connect different cell areas and surfaces through a controlled spatial 
proyection (Akhmanova and Steinmetz, 2019). MTOCs act as microtubule polymerization 
primers, avoiding the nucleation step for microtubule elongation and forcing the formation 
of 3-start 13-protofilament microtubules in mammalians. The main MTOC is the 
centrosome, a non-membranous organelle made of two orthogonal centrioles embedded 
in pericentriolar material. In interphase, this element is located adjacent to the nucleus, 
projecting microtubules to the cell periphery. However, during cell division the centrosome 
duplicates and then, migrates to the cell poles organizing the bipolar mitotic spindle and 
microtubules asters (Wu and Akhmanova, 2017).  
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Figure 8: Representation of the centrosome and its function as MTOC. A. Scheme of a centrosome, 
composed of two orthogonal centrioles, formed by microtubule triplets (in green and yellow) embedded in 
pericentriolar material (represented as white circles in B and C). B. During interphase, the centrosome is 
located close to the nucleus (represented in blue) projecting microtubules to the cell periphery. C. During 
mitosis, the centrosome migrates to the cell poles, forming the mitotic spindle and the asters (represented in 
red).  
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1.3.2. Microtubule associated proteins and motors 

Microtubule associated proteins (MAPs) are implicated in microtubule dynamic regulation 
and in the mediation of microtubule interactions with other structures (Akhmanova and 
Steinmetz, 2008). Among MAPs, two of the most relevant types are the plus-end tracking 
proteins (+TIPs) and the microtubule motor proteins. Other maps are MAP1, MAP2, 
MAP4, tau, minus-end tracking proteins (-TIPs), XMAP215, catastrophin and katanin. 

The +TIPs is a diverse group of proteins that specifically accumulate at the microtubule 
plus ends and thus, are tightly related to the microtubule cap (Akhmanova and Steinmetz, 
2010). In addition to their implication in the regulation of microtubule dynamics, they play 
an essential role in many cell functions such as linkage to cellular structures, recruitment 
of signaling factors and mediation with other structures on microtubule pushing and pulling 
forces. Within +TIPs, EB proteins are one of the most studied. They interact with the 
microtubule cap (Maurer et al., 2011) and have an essential regulatory role increasing 
polymerization rates in vitro and as liaison with other +TIPs, recruiting them to the 
microtubule plus-ends. Other +TIPs are Dynamitin, Lis1, CLIP170, CLIP115, CLASP1 and 
CLASP2. 

Microtubule motor proteins are involved in vesicle and organelle trafficking within the 
cytoplasm. They use microtubules as ‘railways’ to carry their cargoes, using the energy of 
ATP hydrolysis to generate movement along the microtubule (Hirokawa and Takemura, 
2005). Microtubule motor proteins are divided in two superfamilies: dyneins and kinesins. 
Their functional mechanism is quite similar, but dyneins move toward the minus end 
whereas kinesins head to the plus end (Akhmanova and Steinmetz, 2015). These proteins  
also play a fundamental role in cell division, because they direct the movement of 
chromosomes toward the spindle poles along kinetochore microtubules in anaphase 
(Gatlin and Bloom, 2010). 
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Figure 9: Microtubule motors. Kinesin and Dynein employ microtubules to carry cellular cargoes towards the 
plus and the minus end, respectively, by means of their ATPase activity. α-tubulin is represented in blue and 
β-tubulin in grey. 

 

1.3.3. The tubulin code: Tubulin isotypes and post-translational modifications. 

The tubulin code consists on the control of the properties and functions of microtubules 
entailed by the incorporation of different tubulin isotypes and post-translational 
modifications (PTMs). In 2007, Verhey and Gaertig coined this term as a conceptualization 
of the microtubule functional heterogeneity from a highly evolutionary conserved tubulin 
structure (Verhey and Gaertig, 2007). 

There are several isotypic forms of both α and β subunit (Ludueña, 2013) that come from a 
superfamily of genes, which have diversified from duplications and gene mutations over a 
common ancestor (Findeisen et al., 2014). Hence, a large variety of different heterodimers 
can build the microtubules, conferring them multiple biochemical and mechanical 
properties and thus, enabling plurality in microtubule dynamic parameters and interactions 
with other cellular elements. For this reason, the distribution of tubulin isotypes changes 
between tissues, arranged to their specific functions. There are seven isotypes of α tubulin 
(αI, αII, αIII, αIV, αV, αVI and αVII) among which, the isotype αI is the most frequent and 
widespread, and its mutation has implications in congenital neurological disorders 
(Tischfield and Engle, 2010). However, the description of β-tubulins is up to date more 
extensive than that of α-tubulins. Most vertebrates have six isotypes, called βI, βII (βIIa 
and βIIb isoforms in primates), βIII, βIV, βV and βVI. The βI isotype is the most frequent 
and widespread (Leandro-Garcia et al., 2010) whereas other isotypes such as βIII, are 
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highly tissue-specific. βIII is almost exclusively found in testis and neurons, where is the 
major isotype (Katsetos et al., 2003).  

Tubulin isotypes determine the microtubule structure in vitro, where different tubulin 
isotypes have demonstrated to condition the protofilament number of microtubules 
(Chaaban et al., 2018). However, there is not a strong evidence of these effects in cells, as 
the MTOCs govern the microtubule protofilament number. Differential isotype expression 
is also a cancer resistance marker, as is the case of βIII isotype. This isotype is frequently 
overexpressed in many types of tumors (Kavallaris, 2010) which is considered the second 
most significant cause of anti-tubulin drug resistance, after the overexpression of the P-gp 
membrane transporter ABC (Fletcher et al., 2016). 

In the cell, the microtubule PTMs have a potential regulating function. They mostly affect 
the C-terminal domain of tubulin and consist on: detyrosination – tyrosinaton of the C-
terminal tyrosine residue on α-tubulin, polyglutamylation and polyglycylation. PTMs also 
occur in other regions of tubulin, such as polyamination and phosphorylation at β-tubulin 
and  acetylation – deacetylation of α-tubulin Lys40 (Janke and Magiera, 2020). The wide 
range of PTMs, alone or in combination, generate chemical differences in the microtubule 
surface that mainly affect the microtubule – MAP interactions but also might be involved in 
microtubule dynamic regulation. Thus, the alteration of the physiological patterns of PTMs 
is potentially implicated in many pathological disorders, affecting cilia-related functions, 
coagulation, and neurodegenerative processes among others (Magiera et al., 2018).  

 

1.4. Pharmacological regulation of microtubule dynamics. 

The role of the microtubule cytoskeleton in essential biological functions makes it an 
evident pharmacological target in many diseases, where some drugs are able to modulate 
microtubule dynamics. These drugs are microtubule targeting agents (MTAs) and act as 
‘poisons’, aiming to disrupt the cell normal growth and proliferative activity. Sections 1.2 
and 1.3 summarize the main structural and cellular regulatory elements of microtubule 
dynamic instability, highlighting the need of a tight regulation for their physiological 
function. This section will feature the role of MTAs as external, non-physiological disruptive 
molecules of microtubule dynamic instability. 

Cancer is nowadays the most relevant disease in the world treated with MTAs. The term 
“Cancer” groups a set of disorders that involve an abnormal cell growth and have in 
common the formation of a neoplasm or tumor, which is a subset of cells that undergo an 
unregulated growth (Roy and Saikia, 2016). Tumors usually form a mass, but they may be 
diffusely distributed as in blood cancers. A tumor is considered malign when their cells 
follow six hallmarks (Hanahan and Weinberg, 2000): growth and division initiation in 
absence of proper signals, continuous growth and division even in presence of contrary 
signals, avoidance of programmed cell death, limitless number of cell divisions, promotion 
of blood vessel construction and metastases (which is the invasion of other tissues). 
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MTAs are one of the oldest and more diverse families of antitumor chemotherapeutic 
drugs (Noble et al., 1958, Wani et al., 1971). Based on their in vitro effects on 
microtubules, there are two groups of MTAs: i) microtubule stabilizing agents (MSAs) if 
they promote the microtubule assembly and ii) microtubule destabilizing agents (MDAs) if 
they inhibit it, promoting microtubule disassembly (Field et al., 2013).  However, at 
clinically relevant concentrations in tumor cells, both MDAs and MSAs cause the dynamic 
suppression of microtubules, without altering the ratio between the amounts of polymer 
and tubulin in solution. The in vitro observation of synergic effects between MSAs and 
MDAs at low concentrations (Photiou et al., 1997) and the lack of clinical antagonism in 
their chemotherapeutical combination (Infante et al., 2009, William et al., 2010) support 
this observation.  
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Figure 10: Schematic representation of the in vitro effects of MTAs on the microtubule dynamic instability. 
MDAs inhibit tubulin polymerization and promote the microtubule depolymerization, whereas MSAs promote 
microtubule polymerization and stabilize the microtubule lattice. α-tubulin is represented in blue and β-tubulin 
bound to GTP in yellow or bound to GDP in grey. 

1.4.1.  Paclitaxel and taxane-site compounds in cancer chemotherapy. 

The taxane-site binding drugs (TSBs) are a set of compounds that are chemically 
divergent, but share the ability for binding tubulin and/or microtubules at the taxane binding 
site. Among these, the term ‘taxane’ groups all the compounds that share the tetracyclic 
baccatin core. Beside paclitaxel (commercialized as Taxol®), docetaxel (Taxotere ®) and 
cabazitaxel (Jevtana ®)  are other taxanes also approved for cancer chemotherapy. The 
non-taxane TSBs are divided in two groups: covalent binders as zampanolide, 
cyclostreptin, or taccalonolides and non-covalent binders as epothilones, discodermolide, 
dyctiostatin and sarcodictin (Steinmetz and Prota, 2018). 

Paclitaxel was the first MSA discovered and nowadays is one of the most successfully 
employed compounds in the clinical management of cancer. Chemically, it is a 
hydrophobic tetracyclic di-terpenic compound, first isolated from the bark of the Pacific 
Yew (Taxus brevifolia) in 1971 (Wani et al., 1971). Almost a decade after its isolation, 
Susan Horwitz and Peter Schiff proved that paclitaxel is able to stabilize microtubules and 
to induce their polymerization without addition of GTP or MAPs (Schiff et al., 1979, Schiff 
and Horwitz, 1981) and even from inactive GDP-Tubulin (Diaz et al., 1993). However, it 
was not until 1990 that the FDA approved its clinical use for treating breast, ovarian and 
non-small-cell lung carcinoma. The cause of this delay between the demonstration of its in 
vitro and its use in clinical was a paclitaxel shortage, because the pacific yew was the only 
source of the drug and its extraction yield from the bark was very low. Though, paclitaxel 
acquired a widespread clinical use after achieving its semi-synthesis from baccatin, a 
precursor obtained from Taxus baccata (Denis et al., 1988) and its total synthesis 
(Nicolaou et al., 1994). Furthermore, in order to obtain active paclitaxel analogs through 
easier and more efficient synthetic pathways, many researchers have invested huge 
efforts on exploring the interactions of paclitaxel with microtubules through the production 
of a large amount of semisynthetic analogs, from which they have described the 
structure-activity relationship (SAR) of paclitaxel (Fang and Wang, 2008, Kingston, 2007). 

The antitumor mechanism of paclitaxel (and in general, of all the MTAs) is still subject of 
discussion. The effects of this compound in rapidly-dividing cell cultures in vitro are the 
basis of the classically conceived anti-mitotic mechanism, by which paclitaxel induces the 
cell division blockage in pro-metaphase by means of preventing the silencing of the 
spindle assembly checkpoint (SAC) (Weaver, 2014). However, there are two main 
arguments against this mechanism: i) paclitaxel causes mitotic arrest in vitro at high 
concentrations, but not at the amounts that reach the tumor cells and ii) tumor cells usually 
show slow proliferative rates, so an antitumor mechanism based on the inhibition of the 
dividing cells might not be consistent (Komlodi-Pasztor et al., 2011). In contrast, the 
inflammatory micronucleation is a greatly considered model for the paclitaxel antitumor 
effects (Mitchison et al., 2017). This hypothetical mechanism supports the ability of 
clinically relevant low concentrations of paclitaxel to induce the formation of multipolar 
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spindles that generate chromosomal segregation errors (Zasadil et al., 2014). As a result, 
mitotic cells undergo multipolar divisions that generate non-viable aneuploid 
micronucleated cells. These aberrant cells can persist for days and accumulate in the 
tumor matrix, until they activate pro-inflammatory signals that can be effective on the 
elimination of the whole solid tumor (Coussens et al., 2013).  

 

 

Figure 11: Structure-activity relationship of (-)-paclitaxel (1S, 2S, 3R, 4S, 7R, 9S, 10S, 12R, 15S), indicating 
the main potential activity modulating modifications. The accepted nomenclature for the tetracyclic 
heptadecane core (A, B, C and D cycles in purple) is indicated in blue. The accepted nomenclature for the 
sidechain is indicated in red.  

 

1.4.2.  The taxane binding site and the paclitaxel molecular mechanism. 

In the years following the FDA approval of paclitaxel for its use in cancer chemotherapy, a 
large number of researchers in the fields of tubulin biochemistry and structural biology 
aimed for the description of its molecular mechanism. Their goal was to find the location of 
the binding site of paclitaxel (the taxane binding site) and the effects on the microtubule 
structure that explain its in vitro microtubule stabilizing effects. In 1992, Srinvasa Rao 
described a preferential binding of paclitaxel to β-tubulin using  radiolabeled [3H]paclitaxel 
(Rao et al., 1992) and in 1995, Eva Nogales first solved at 6.5 Å the structure of tubulin in 
presence of paclitaxel by electron crystallography of zinc-induced sheets  (Nogales et al., 
1995). In 1998, as described in section 1.2.2, Eva Nogales and Jan Lowe respectively 
solved at 3.8 Å and 3.5 Å the structure of paclitaxel-bound tubulin, describing the taxane 
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site as a hydrophobic cleft between the N-terminal and intermediate tubulin domains, 
constituted by the helixes H1, H6 and H7, the strand S7 and the loops H6-H7, S7-H9 
(M-Loop) and S9-S10.  

When the position of the binding site is translated into the microtubule lattice, the taxane 
binding site is located on the luminal side of the microtubule, which it is not directly 
accessible from the outside. Hence, paclitaxel (and in general, the TSBs) needs to access 
the microtubule lumen before binding the taxane binding site. The first hypothesis on how 
TSBs reach their binding site was that they could access the microtubule lumen by 
diffusion through the tips. However, kinetic binding studies employing Flutax-2 (FTX-2), a 
fluorescent Paclitaxel analog, revealed that tip diffusion could not explain the observed fast 
and homogeneous binding of the probe and that FTX2 shows a two-step binding 
mechanism (Diaz et al., 2003, Diaz et al., 2000). Thereby, the authors proposed that the 
diffusion of TSBs through the microtubule wall might explain their fast access to the lumen, 
mediated by the fenestrations observed between the lattice tubulin dimers (Nogales et al., 
1999). In 2007, Rubén Buey described the type I pore as an external taxane site that act 
as a receptor (Buey et al., 2007, Magnani et al., 2009) and hence, after the fast binding of 
the TSB to the pore I, a second slower step involves its transition to the luminal taxane 
binding site. This transition is mediated by a molecular rearrangement of the pore, 
triggered by the interaction of the compound with the H6-H7, which is a common loop for 
both binding sites (Barasoain et al., 2010).  

 

 

Figure 12: Structure of paclitaxel bound to αβ-tubulin. A. Microtubule-luminal view of straight αβ-tubulin bound 
to paclitaxel. B. Close-view of the taxane binding site, indicating the main structural elements interacting with 
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paclitaxel and highlighting the hydrogen bonds with H229, T276 and R369. Structure extracted from Protein 
Data Bank (PDB:5SYF). 

 

Although the taxane binding site is well defined, the molecular mechanism of paclitaxel 
and TSBs remains unclear. Up to date, there are two possible mechanisms that explain 
how these compounds produce the changes in the microtubule lattice structure that entail 
the stabilization of the microtubule lattice: i) tubulin macromolecular X-ray crystallography 
models of curved tubulin bound to epothilone A or zampanolide (Prota et al., 2014, Prota 
et al., 2013) and doublecortin-decorated high-resolution cryo-EM structures of 
microtubules bound to paclitaxel (Manka and Moores, 2018b) showed that these drugs 
induce the structuring of the β-tubulin M‐loop (S7-H9 loop) into a short helix, mimicking the 
effects of the extra eight residues inserted in the α-tubulin S9-S10 loop, that occupy the 
position of the taxane binding site (Nogales et al., 1998b). This helix establishes 
inter-protofilament contacts that would compensate the loss of lateral contacts that occurs 
after the GTP hydrolysis and thus, they may prevent depolymerization. ii) Kinesin and 
EB-decorated high resolution cryo-EM microtubule structures with paclitaxel showed that 
this drug induces an axial expanded lattice, similar to that attributed to the microtubule 
GTP tubulin (modeled by GMPCPP, as mentioned above). Consequently, the stabilizing 
effect of this compound consists on preserving axial intra-protofilament contacts, instead of 
lateral inter-protofilament interactions and thus, the paclitaxel-bound tubulin would 
resemble a GTP-state tubulin (Alushin et al., 2014, Kellogg et al., 2017, Arnal and Wade, 
1995). Nevertheless, both possible mechanisms base the TSBs stabilizing effect on the 
disruption of the GTPase cycle of tubulin. Hence, the paclitaxel binding site and the E-site 
likely interplay in their microtubule lattice effects. 

Considering the technical limitations of macromolecular crystallography and high 
resolution cryo-EM, the main drawbacks of all the research done so far are: i) tubulin 
macromolecular X-ray crystallography does not allow the study of the microtubule lattice 
structure and the effects of the drugs on straight tubulin and ii) the use of partner MAPs 
employed on microtubule polymerization for high-resolution cryo-EM (doublecortin, EB, 
kinesin…) bias the effects of paclitaxel on the lattice structure. Thereby, the above 
proposed mechanisms are not fully translatable to the effects of paclitaxel and TSBs in a 
‘naked’ microtubule lattice in solution, and can only partially explain their molecular 
mechanism of action. An alternative to macromolecular crystallography and high-resolution 
cryo-EM is the use of small-angle X-ray scattering (SAXS) and small-angle neutron 
scattering (SANS) but unfortunately, these techniques have very low resolution, mainly 
because of a misorientation of the filaments in solution (Tsuruta and Irving, 2008). 
However, some approaches based on the X-ray diffraction of arrayed biological filaments 
by low G force centrifugation (Mandelkow et al., 1977), magnetic fields (Bras et al., 1998), 
static magnetic fields (Torbet, 1987), pulsed electric fields (Koch et al., 1995), and 
shearing (Sugiyama et al., 2009, Popp et al., 1987) allowed to increase the structural 
resolution of these techniques. Hence, they are promising technical approaches for 
providing a new methodology for the study of the molecular mechanism of paclitaxel and 
the TSBs in systems that more closely resemble physiological conditions. 
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Figure 13: Schematic representation of the taxane microtubule-stabilizing molecular mechanism. Paclitaxel 
binds the taxane site producing either a GTP-like axial expansion of the microtubule lattice and/or the 
stabilization of the β – M-loop. Either way, this compound produces an increase of the interdimeric contacts, 
preventing the catastrophe of the GDP core. The scheme represents compact α -tubulin in blue, expanded 
α-tubulin in green, β-tubulin bound to GDP in grey, β -tubulin bound to GTP in yellow and β -tubulin bound to 
paclitaxel in brown. 
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2 

Objectives 

 
In order to comprehend microtubule dynamics and how its multiple regulatory elements 
interact with the lattice, it is essential to understand the structural and biochemical 
properties of the microtubule cap. Given that the microtubule-targeting agents are also 
regulatory elements of microtubule dynamics, this task would also advance the rational 
design of more potent and less toxic compounds in order to improve the current anti-tumor 
chemotherapeutical arsenal.  

The present thesis is divided in two chapters in order to fulfill two general objectives:  

1. Study the structural and biochemical properties of the microtubule cap as an approach 
to describe the effect of GTP hydrolysis on microtubule dynamics. For that purpose, 
the concrete proposed objectives are: 
 
1.1. Unveil the biochemical effects of BeF3

- (a GTP γ-phosphate analog) and AlFx (a 
GDP-Pi γ-phosphate analog) on tubulin polymerization and on microtubule 
stability. 

1.2. Describe the structural effects of BeF3
- and AlFx on unassembled curved tubulin 

and on the microtubule lattice. 
1.3. Clarify if the previously reported microtubule lattice expansion is related to the 

presence of the GTP γ-phosphate. 
 

2. Explore the existence of a biochemical and structural interplay between the nucleotide 
E-site and the taxane binding site, as a new approach to gain insight into the molecular 
mechanism of paclitaxel. To this end, the approached concrete objectives are: 
 
2.1. Examine the biochemical interplay between these sites in unassembled curved 

and assembled straight tubulin 
2.2. Characterize the role of γ-phosphate and GTP hydrolysis on the effects of 

paclitaxel on the microtubule lattice structure.  
2.3. Understand the effects of the γ-phosphate on paclitaxel binding affinity and 

kinetics. 
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3 

Materials and Methods 

 
3.1. Materials 
 
3.1.1. Chemicals. 
 
Sodium docecyl sulfate (SDS), (Ethylenedinitril)-tetraacetic acid (EDTA), Ethylene glycol-
bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA),  2-(N-Morpholino)ethanesulfonic 
acid (MES), isopropyl-β-D-1-thiogalactopiranoside (IPTG), imidazole, acetonitrile, methyl 
cellulose, sodium borohydrire, triton X-100, Dithiothtreitol (DTT), polyethylene glycol 4000 
(PEG4000), propidium iodide, Piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 
Aluminium chloride (AlCl3), Beryllium sulfate (BeSO4), Potassium hydrogen difluoride 
(HKF2), Isopropil-β-D-1-tiogalactopiranoside (IPTG), bovine seroalbumine and 
tetrabutylammonium chloride (TBA) were obtained from Sigma Aldrich (Merck KGaA from 
2018).  
 
Guanosin triphosphate (GTP), Guanosine diphosphate (GDP), Guanosine-5'-
[(α,β)-methyleno]diphosphate (GMPCP), Guanosine-5′-[(β,γ)-methyleno]triphosphate 
(GMPPCP), Guanosine-5′-[(α, β)-methyleno]triphosphate (GMPCPP), Guanosine-5'-
(γ-thio)-triphosphate (GTPγS) and  Adenosine-5'-[(β,γ)-methyleno] triphosphate 
(AMPPCP) were obtained from Jena Bioscience GmbH. 
 
Sephadex G25, DEAE Sephadex A50, Q- Sepharose and Superdex 75 were provided by 
General Electric Healthcare. Glutaraldehyde comes from TAAB. Dimethil sulphoxide 
spectroscopy grade (DMSO), Hexadeuterodimethyl sulfoxide spectroscopy grade 
(D6-DMSO), methanol analytical grade, ethanol spectroscopy grade, dichloromethane 
analytical grade, monobasic and dibasic sodium phosphate,calcium chloride analytical 
grade, magnesium chloride analytical grade, potassium chloride analytical grade, sodium 
chloride analytical grade, amonnium sulfate analitic grade and pure, Sucrose, Trehalose, 
2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris), sucrose and uranyl acetate were 
obtained from Merck. DNAse was obtained from Boehringer Mannheim GmbH. Protease 
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inhibitor mix and α-Toluenesulfonyl fluoride (PMSF) were obtained from Roche. Porcine 
unlabelled and rhodamin-labeled tubulin was obtained from Cytoskeleton, Inc. 
 
 

3.1.2. Buffers. 
 

1. NaPi: 10 mM sodium phosphate (1:1 NaH2PO4:Na2HPO4), pH 7.0. 
2. GAB: NaPi buffer, 3.4 M glycerol, 1 mM EGTA, 6 mM MgCl2, pH 7.0. 
3. PEGTA: NaPi buffer, 1 mM EGTA, 6 mM MgCl2, pH 7.0. 
4. PEDTA: NaPi buffer, 1 mM EDTA, 6 mM MgCl2, pH 7.0. 

 5. NaPi - SDS: NaPi buffer, 1% SDS, pH = 7.0. 
6. PMS: NaPi buffer, 0.5 mM MgCl2, 0.24 M sucrose pH 7.0. 
7. PMG: NaPi buffer, 0.5 mM MgCl2, 0.1mM GTP, pH 7.0. 
8. 0.4M KCl PMG: PMG buffer, 0.4 M KCl. 
9. 0.8M KCl PMG: PMG buffer, 0.8 M KCl. 
10. Cryo PMG -Trehalose: PMG buffer, 0.25 M trehalose. 
11. Cryo PMG – Sucrose: PMG buffer, 1M sucrose. 
12. DTT: NaPi buffer, 0.1 mM DTT, 0.1 mM GTP, 1.5 mM MgCl2, pH 6.5. 
13. PD10: 15 mM PIPES, 0.2 mM EGTA, 0.1 mM GDP, 0.3 mM MgCl2, pH 6.8. 
14. RB3-A: 20 mM Tris, 1 mM EGTA, 2 mM DTT, pH 8.0. 
15. RB3-B: 20 mM Tris, 1 mM EGTA, 1 M NaCl , 2mM DTT, pH 8.0. 
16. RB3-C: 10 mM HEPES, 150 mM NaCl , 2 mM DTT, pH 7.2. 
17. 0.1M MES-Imidazole: 0.49 M MES, 0.51 M Imidazole, pH 6.7.  
18. PBS: 8.1 mM Na2HPO4, 1.5 mM NaH2PO4, 137 mM NaCl, 2.7 mM 

KCl, pH 7.2. 
 19. MEDTA: 100 mM MES, 1 mM EDTA, pH 6.8 

20. PEM buffer: 0.1 M PIPES, 1 mM EGTA, 0.2 M Tris, 1 mM DTT, 3 mM MgCl2, 
pH 6.8. 

21. PEM-MC buffer: PEM buffer, 2 % methylcellulose. 
22. TTL-Lysis buffer: 50 mM Tris, 1 M NaCl, 10 % Glycerol, 2.5 mM MgCl2, pH 7.5 
23. TTL freezing buffer: 50 mM Bis-Tris Propane, 200 mM NaCl, 2.5 mM MgCl2, 5 

mM β-mercaptoethanol, 1 % Glycerol, pH 6.5. 
24. Glycine buffer: 0.13 M glycine/NaOH, 0.2 M NaCl 70 % glycerol, pH 8.6. 

25. BRB80 buffer: 80 mM K-Pipes, 1 mM EGTA, 1 mM Mg2+, pH 6.8 

26. MRB80 buffer: 80mM K-Pipes, 1mM EGTA, 4mM Mg2+, pH 6.8 

27. MP-Seckler: 200 mM K2HPO4, 0.1 M Acetic acid, 4 mM TBA, pH 6.65. 

28. MP-Smith: 100 mM sodium phosphate (1:1 NaH2PO4:Na2HPO4), 10 mM TBA, 
8.5 % Acetonitrile, pH 6.5 
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3.1.3. Ligands. 

Paclitaxel (IUPAC: [(1S,2S,3R,4S,7R,9S,10S,12R,15S)-4,12-diacetyloxy-15-[(2R,3S)-3-
benzamido-2-hydroxy-3-phenylpropanoyl]oxy-1,9-dihydroxy-10,14,17,17-tetramethyl-11-
oxo-6-oxatetracyclo[11.3.1.03,10.04,7]heptadec-13-en-2-yl] benzoate) was gifted by Dr. 
Suffness from the National Cancer Institute (Bethesda, USA). Docetaxel (IUPAC: 
[(1S,2S,3R,4S,7R,9S,10S,12R,15S)-4-acetyloxy-1,9,12-trihydroxy-15-[(2R,3S)-2-hydroxy-
3-[(2-methylpropan-2-yl)oxycarbonylamino]-3-phenylpropanoyl]oxy-10,14,17,17-
tetramethyl-11-oxo-6-oxatetracyclo[11.3.1.03,10.04,7]heptadec-13-en-2-yl] benzoate) was 
from Rhone Poulenc Rorer, Sanofi. Flutax-2 (IUPAC: 7-O-[2,7-difluoro-4’-(fluorescein-
carbonil)L-alanil]-paclitaxel) and Chitax-40 (IUPAC: 2-debenzoyl-2-m-N3-benzoyl-10-
propionyl-docetaxel) were synthetized by Dr. Fang at Institute of Materia Medica (Beijing, 
China). Zampanolide (IUPAC: (2Z,4E)-N-[(S)-[(1S,2E,5S,8E,10Z,14E,17S)-3,11-dimethyl-
19-methylidene-7,13-dioxo-6,21-dioxabicyclo[15.3.1]henicosa-2,8,10,14-tetraen-5-yl]-
hydroxymethyl]hexa-2,4-dienamide) was kindly provided by Dr. Karl-Heinz Altmann (ETH-
Zurich, Switzerland). Laulimalide (IUPAC: (1R,3S,7S,8S,10S,12S,15Z,18R)-7-hydroxy-12-
[(E,1S)-1-hydroxy-3-[(2S)-4-methyl-3,6-dihydro-2H-pyran-2-yl]prop-2-enyl]-3-methyl-5-
methylidene-9,13,22-trioxatricyclo[16.3.1.08,10]docosa-15,19-dien-14-one) was kindly 
provided by Dr. Northcote from Victoria University (Wellington, New Zealand).  

For BeF3
- stock preparation, 100 mili equivalents of BeSO4 and 300 mili equivalents of 

HKF2 were mixed in mili-Q water and the mixture was alkalinized with 5M KOH up to pH 5-
6 and no further to avoid Be(OH)2 precipitation. Formation of BeF3

- is subjected to 
equilibrium between final fluoride and its reactants, so in these conditions we obtained a 
77.6mM stock of BeF3

-. 

AlFx formation equilibrium constant is lower than for BeF3
-, thus higher concentrations of 

AlCl3 and HKF2 would be required to achieve the same ion concentrations. However, since 
AlCl3 easily forms Al(OH)3, acidifying the medium and hence, producing protein damage, 
AlFx is not supplemented to samples from a prepared stock solution. Instead AlCl3 and 
HKF2 were directly added to the samples.  

3.1.4. Proteins. 

3.1.4.1. Eukaryotic αβ-tubulin. 

Eukayotic tubulin was obtained from calf brains. This biological material was kindly 
provided by: Ganadería Fernando Díaz, Matadero Incova Centro Cárnico (El Espinar, 
Segovia), Matadero Nombela (Coslada, Madrid) and Matadero Madrid Norte (San Agustín 
de Guadalix, Madrid). The protein was purified as described (Andreu, 2007) with minor 
changes. Importantly, all the process was carried out in a cold room and all centrifugations 
performed at 4 ºC to ensure the stability of the protein obtained and improve the yield of 
the purification process. 

6 - 8 freshly slaughtered and cold transported calf brains were devoid of meninges and 
blood clots before chopping and liquefying in an electric blender using PMS buffer. The 
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homogenize was separated from cellular membranes by centrifugation at 10.500 rpm 
(20,500 g) for 40 min in a Sorvall RC-5C Plus centrifuge using an SLA-3000 rotor. The 
resulting clarified solution was fractioned in a two-step ammonium sulfate precipitation, 
using the same centrifugation conditions as above: 32% saturation in a first step, 
discarding the pelleted proteins and up to 43% saturation in the second in which tubulin is 
part of the pelleted protein. This solid was dissolved in PMG buffer and treated with 15 g of 
DEAE-Sephadex A50 resin to perform a batch anion exchange chromatography. The resin 
was pre-hydrated in 1.5 L of NaPi buffer and equilibrated in PMG buffer before mixing with 
the dissolved pellet. Two elution steps were used: 0.4 M KCl PMG to remove 
contaminating proteins, and 0.8 M KCl PMG for tubulin elution. The resulting high-purity 
tubulin solution was concentrated by precipitation with ammonium sulfate (43%) and 
centrifugation at 14,000 rpm (30,000 g) for 60 min using a Fiberlite F14-6x250cy rotor 
(Thermo Scientific). The pelleted protein was dissolved on PMG buffer and desalted by 
size exclusion chromatography using a 400 mL Sephadex G25 column. Non-denatured 
tubulin present at the collected fractions (of 3 mL) was selected by its ability to aggregate 
in presence of 30 mM MgCl2. These fractions were pooled and the excess of MgCl2 was 
removed in a 16 h dialysis using Slyde-a-Lyzer dialysis cassettes with a MWCO of 10 kDa 
(Thermo-Scientific) with Cryo-PMG-Sucrose (if tubulin was stored in solution) or Cryo-
PMG-Trehalose (if tubulin was lyophilized previous storage) Tubulin concentration was 
determined by absorption spectrometry in a UV-VIS spectrophotometer (Thermo-Fischer) 
employing 1cm light path quartz cuvettes. 1/200 dilutions were prepared in NaPi-SDS 
buffer, where the molar extinction coefficient (ε) of tubulin at λ = 275 nm is 109000 M-1 x 
cm-1 (Andreu and Timasheff, 1982). 

3.1.4.2. Rat stathmin-4 (RB3): expression and purification 
 
RB3 purification protocol is based on previously described (Curmi et al., 1994). The ORF 
that encodes RB3 protein is cloned in the plasmid pET-3d, which was kindly provided by 
Dr. Michel Steinmetz (Paul Scherrer Institute, Villigen, Switzerland). Competent 
Escherichia coli BL21 cells were transformed with the plasmid and ampicillin resistant 
clones were selected. Individual clones were initially grown overnight in 20 mL of 
Luria-Bertani broth (LB: 1% tryptone, 0.5% yeast extract, 1% NaCl) containing ampicillin at 
100 µg/mL at 37 ºC and shaking at 140 r.p.m in an I-26 orbital shaker (New Brunswick 
Scientific). 10 mL of this cultures were used to inoculate 1L LB with ampicillin (100 µg/mL), 
grown at 37 ºC and shaking at 140 r.p.m up to an optical density at λ = 600 nm (OD600) of 
0.7 ± 0.1. Then, protein overexpression was induced by supplementing the culture with 
1mM IPTG, followed by 4 h incubation under the same conditions. Bacteria cells were 
sedimented at 6000 rpm (6000 g) for 10 min at 4ºC using an SLA-3000 rotor (Thermo 
Fischer) prior freezing for storage at -80 ºC.  
 
Thawed bacteria were dissolved in RB3-A buffer supplemented with protease inhibitors 
and broken by pressure through three passes on a French press (Thermo Fischer) at 1200 
psi. Lysates were then clarified from debris by centrifugation at 12000 rpm (17000 g), 4 ºC 
for 15 min in an Optima L-100 XP ultracentrifuge using a Ti45 rotor (Beckman Coulter). 
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The supernatant containing soluble proteins was warmed at 95 ºC for 10 min and 
centrifuged for 1 h at 15 K g. Then, it was loaded in a fast-flow Q-sepharose column (GE 
healthcare) for an anionic exchange chromatography, in which RB3 was eluted using a 20 
CV gradient from 0 mM to 500 mM NaCl (0% - 50% IMAC-B) collecting fractions of 2 mL, 
following protein elution by absorbance at λ = 260 nm. Fractions from the peak of 
absorbance were tested for the presence of protein by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing RB3 were 
concentrated up to 2-5 mL using Amicon MWCO 10 (Merck-Millipore) filtration devices and 
loaded into a Superdex 75 (60 cm x 1.6 cm) column equilibrated with RB3-C buffer for size 
exclusion chromatography. Fractions of 2 mL were tested by SDS-PAGE and those 
containing pure protein were pooled together and concentrated to 1 mL. Final protein 
concentration was determined by absorbance spectrophotometry at λabs = 280nm using a ε 
of 1490 M-1 x cm-1 (Barbier et al., 2010). 
 
3.1.4.3. Chicken tubulin tyrosine ligase (TTL): expression and purification 
 
TTL purification protocol is based on previously described (Prota et al., 2013). For TTL 
expression in bacteria, the kanamycin-resistance plasmid NSKn1 was employed (kindly 
provided by Prof. Dr. Michel Steinmetz from Paul Scherrer Institute, Villigen, Switzerland) 
which contains the ORF of chicken TTL orthologous gene with a poly-His tag at the 
C-terminal region. Electrocompetent E. coli BL21 (DE3) cells were transformed by 
electroporation with this plasmid and positive clones selected in LB-agar plates with 
kanamycin. Overnight cultures were prepared in 50 µg/mL kanamycin-LB medium, 
inoculated with 1 colony and grown at 37 ºC, shaking at 140 r.p.m. 10 mL of this culture 
was further used to inoculate 1L cultures that were grown on the same conditions up to an 
OD600 = 1.2 ± 0.1. To induce protein expression, the bacterial culture was tempered at 20 
ºC for 60 min and supplemented with 1 mM IPTG. Then these were grown at 20 ºC for 20 
h in continuous shaking. Bacterial cells were then sedimented at 6000 rpm (6000 g), 4 ºC 
for 10 min using an SLA-3000 rotor prior freezing for storage at -80 ºC.  
 
Pelleted cells were dissolved in TTL-Lysis buffer supplemented with 10 mM β-
mercaptoethanol, protease inhibitors, PMSF and DNAse enzyme. Bacterial cells were 
broken by pressure through three steps on a French Press device (Thermo Fischer) at 
1200 psi and clarified by centrifugation at 30,000 rpm (100,000 g), 4 ºC for 45 min in a 
Optima L-100 XP ultracentrifuge using a Ti45 rotor (Beckman Coulter). The clarified lysate 
was then loaded in a 5 mL His-Trap affinity column (GE Healthcare) equilibrated in TTL-
Lysis buffer. In order to remove nonspecifically bound proteins, the column was first 
washed with 20 CV of 20 mM imidazole in TTL-Lysis buffer. Then, TTL was step-eluted in 
10 CV of 250 mM imidazole in TTL-Lysis buffer. Fractions containing TTL were selected 
by SDS-PAGE, then pooled together and concentrated up to 2 mL using an Amicon 
MWCO 30 (Merck-Millipore) filtration device. This was loaded on a Superdex 200 (60 cm x 
1.6 cm) equilibrated with TTL freezing buffer to perform a gel filtration chromatography. 
1mL fractions were analyzed by SDS-PAGE and those fractions containing the protein with 
a visual purity of more than 90 % were pooled together and concentrated as above up to 
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aprox. 20 mg/mL.  Protein concentration was determined by absorbance 
spectrophotometry at λ= 280 nm, using a molar extinction coefficient ε of 1226 M-1 x cm-1 
and aliquots of 50 µL were snap-frozen in liquid nitrogen (-195.8 ºC). Frozen aliquots were 
stored at -80 ºC upon use. 
 
3.2. Methods 
 
3.2.1. Tubulin nucleotide exchange 
 
3.2.1.1. Stoichiometrically GDP substituted tubulin preparation. 

Fully substituted GDP tubulin was obtained from pure calf brain tubulin emloying a protocol 
based on (Diaz and Andreu, 1993), using a two-step exchange procedure performed at 
4ºC. First, cryo-protecting sugars, Mg2+ and free GTP were removed from 20 mg of protein 
by size exclusion chromatography in a drained centrifuge column of Sephadex G-25 
medium (6 x 1 cm), equilibrated in working buffer with 1mM GDP. Then, GDP up to 10 mM 
was added to the protein and incubated for 30 min to displace bound GTP. Tubulin was 
freed of the excess of nucleotide and equilibrated in buffer with 1mM GDP in a second 
chromatography in a Sephadex G-25 column (15 x 0.9 cm). Finally, the sample was 
centrifuged at 50,000 rpm (100,000 g) in a Beckman OptimaTM centrifuge 
(Beckman-Coulter), employing a TLA-120 fixed-angle rotor (Beckman-Coulter) to remove 
protein aggregates. Pellets were discarded and the tubulin concentration of the soluble 
fraction was measured by UV-VIS absorption spectrometry as described in section 3.1.4.1. 
 
3.2.1.2. Stoichiometrically GMPCP and GMPPCP substituted tubulin preparation. 
 
GMPCP and GMPPCP tubulin preparations were performed by a two-step exchange 
protocol based on (Mejillano et al., 1990a). First, 20 mg of lyophilized calf brain tubulin 
were resuspended in working buffer containing 2mM GTP and 1.5mM MgCl2, in order to 
displace any possible GDP molecule bound by GTP, benefiting of its higher affinity in the 
presence of Mg+2 ions (Correia et al., 1987). Then, free Mg+2 and GTP were removed by 
chromatography in a Sephadex G-25 (GE Healthcare) (6x1 cm) drained column, 
equilibrated in working buffer containing 50 nM of the desired analogue. After that, tubulin 
was washed two times by filtration using Amicon MWCO 50 (Merck-Millipore) and 
concentrated up to 700-800 μL. The protein was then passed through 0.45 μm cellulose 
acetate microfuge column filters (Costar) to remove aggregates. Latter, 5 mM of the 
desired nucleotide analogue was added and incubated for 30 min at 25 ºC. Under this 
condition and in the absence of Mg2+, these analogues displace bound GTP, which has 
very low affinity in the absence of Mg2+ (Correia et al., 1987). Tubulin was washed again 
and concentrated as described to 600-700 μL and filtered again by a 0.45 μm cellulose 
acetate microfuge column filter. Finally, the protein was centrifuged at high speed to 
remove aggregates and the final concentration was determined by UV-VIS absorption 
spectrometry as mentioned above. The nucleotide exchange was quantified by HPLC as 
below (section 3.2.3). 
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3.2.1.3. Apo-tubulin (apo-T2) and Apo-tubulin adduct with zampanolide (apo-T2-
ZMP) preparation. 
 
In order to prepare tubulin depleted from the nucleotide at the E-site (Apo-tubulin), a 
protocol based on nucleotide adsorption by charcoal was designed, based on (Sandoval et 
al., 1977). 20 mg of pure calf brain tubulin were equilibrated in PEDTA buffer, 
supplemented with 0.1mM GTP by size exclusion chromatography in a cold Sephadex 
G-25 column (15 x 0.9 cm) without the addition of MgCl2, which allows the removal of 
trehalose and magnesium from Cryo-PMG buffer. The protein solution was then 
high-speed centrifuged to remove aggregates and tubulin concentration was 
spectrophotometrically determined as described above. The samples were supplemented 
with 1.5 mM MgCl2 and either with Zampanolide (at a 1:1 molar ratio) or the corresponding 
volume of DMSO. These were incubated at 37 ºC for 60 min to ensure the formation of the 
zampanolide-tubulin adduct. In order to remove the nucleotide from the E-site, the protein 
was treated with charcoal (5mg of charcoal per mg of tubulin) in PBS-BSA 1%, for 30 min 
at 4 ºC. Samples were then centrifuged at 50,000 rpm (100,000 g) in a Beckman 
OptimaTM centrifuge (Beckman-Coulter), employing a TLA-120 fixed-angle rotor 
(Beckman-Coulter) to clarify tubulin from the charcoal. This process was done twice to 
ensure the removal of the nucleotide. Finally, tubulin concentration was measured as 
described above. 
 
3.2.2.  Preparation and evaluation of stabilized microtubules 
. 
3.2.2.1. GDP cross-linked microtubules (GDP-MTX). 
 
For stabilized GDP-microtubule preparation (Diaz et al., 2000), 40-60 mg of pure tubulin 
were equilibrated in GAB buffer supplemented with 0.1mM GTP without MgCl2. The 
protein was then high-speed centrifuged and spectrophotometrically quantified as above 
mentioned. Tubulin was supplemented with 6 mM MgCl2 and 1 mM GTP to induce 
microtubule polymerization at 37 ºC for 40 min. These microtubules were cross-linked with 
0.2 % glutaraldehyde at 37 ºC for 10 min. In order to stop the cross-linking reaction, 
glutaraldehyde in excess was reduced by the addition of 40 mM NaBH4, incubating the 
mixture at 4 ºC for at least 10 min. Finally, the microtubule solution was dialyzed overnight 
against GAB buffer 0.1mM GTP, 6mM MgCl2 and the resulting sample was drop-snap 
frozen and stored in liquid nitrogen at -195.8 ºC.    
 
 
3.2.2.2.  GMPCPP cross-linked microtubules (GMPCPP-MTX) 
 
60 mg of fully GDP substituted tubulin (obtained as described in section 3.2.1.1) were 
washed three times by filtration in Amicon MWCO 50 (Merck-millipore) in PEGTA buffer to 
remove GDP present in solution and concentrated the protein up to 700-800 µL. Then 
tubulin was supplemented with 3.4 M Glycerol, 0.5 mM GMPCPP and 6 mM MgCl2 and 
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incubated for 30 min at 4 ºC to ensure nucleotide exchange. Polymerization of GMPCPP 
tubulin was carried out at 37 ºC for 20 min and glutaraldehyde cross-linking reaction, 
dialysis and storage were performed as above (section 3.2.2.1).  
 
3.2.2.3.  Determination of the concentration of pharmacologically active taxol 
binding sites  
 
One or two drops of MTX were thaw and the concentration of total protein was determined 
spectrophotometrically, as described above for tubulin. Then, a 2 µM microtubule solution 
was prepared using the dialysis buffer. Three replicates of 200 µL were incubated with 
5µM FTX-2 both with and without 100µM docetaxel. The samples were incubated 10 min 
in the dark and centrifuged for 20 min at 50,000 rpm (100,000 g) and 25 ºC in a Beckman 
OptimaTM centrifuge (Beckman-Coulter), employing a TLA-120 fixed-angle rotor 
(Beckman-Coulter) to pellet MTX. These were dissolved in 200 µL of NaPi-SDS and 
diluted 1/5 in the same buffer to perform fluorescence spectrometry of FTX-2 in an ISA 
FluoroMax-2 spectrofluorometer (Horiba – Yobin Yvon) at λexc = 492 nm and λem = 523 nm. 
These measurements allowed to determine the amount of probe bound to the MTX. The 
subtraction of FTX-2 concentration in presence of docetaxel (concentration of unspecific 
sites) from that in the absence (concentration of total sites) reveals the concentration of 
active binding sites in 2 µM microtubules.  
 
3.2.3.  Determination of E-site relative nucleotide composition. 
 
First, a total nucleotide extraction protocol was followed, modified from (Mejillano et al., 
1990b). 50 µM of sample (either tubulin or microtubules, depending on the experiment) 
was precipitated by the addition of HClO4 to pH 1.0 and incubation for 30 min at 4 ºC. A 
centrifugation step at 16,200 rpm (14,000 g) and 4 ºC in a 5415-R centrifuge (Eppendorf) 
was employed to pellet denatured protein, whereas nucleotide that was bound remained at 
the supernatants. These were buffered (pH 6.65) by the addition of a mixture of KOH and 
NaHPO4 to final concentrations of 350 mM and 115 mM, respectively. For the 
determination of the relative nucleotide composition in these samples, an ion-pair HPLC 
chromatography was used based on (Seckler et al., 1990) for GMPCP tubulin (Method 1) 
and (Smith and Rittinger, 2002) for GMPPCP and GMPCPP tubulin or microtubules 
(Method 2). Samples were diluted 1:1 with the corresponding ion-pair HPLC mobile phase 
(MP-1 or MP-2) and injected into a C-18 column Supelcosil ® LC-18-DB 25 cm x 4.6 mm x 
5 µM (Merck Millipore) connected to an Agilent 1100 Series HPLC system and equilibrated 
in MP-1 or MP-2 with at least 60 mL (around 40 CV) at 0.25 mL/min to ensure the coating 
of the alkyl stationary phase with TBA. The separation was performed in a 10 min isocratic 
chromatography at a flow of 1 mL/min. Nucleotide chromatograms were registered by 
absorbance spectrophotometry at λ = 254 nm (peak maximum of guanine absorbance) by 
a diode array detector (DAD). Nucleotide retention times using Method 1 were: 4.9 min 
(GMPCP), 5.33 min (GDP + GMPCPP), and 6.30 min (GTP); whereas using Method 2 
were: 3.9 min (GMPCP), 4.4 min (GDP), 5.1 min (GMPPCP + GMPCPP) and 5.6 min 
(GTP). 
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3.2.4. Tubulin polymerization assays 
 
In order to assay the effects of phosphate analogs and compounds on tubulin 
polymerization, stoichiometric GDP tubulin was obtained as described above, using 
different buffer conditions according to the requirements of the experiment. 
 
3.2.4.1. Time course polymerization assay 
 
Polymerization was followed by time course turbidity measurements at λ = 350 nm in 
Falcon 96-well polystyrene plates (Fischer Scientific) that were kept at 37 ºC throughout 
the experiment and read in an Appliskan plate reader (Thermo Scientific). Kinetics were 
obtained from triplicate reactions for each condition. Experimental curves were averaged 
and normalized by subtraction of the minimum absorbance value. Temperature effect on 
assembly was analyzed by cooling down the plate on ice for 30 min followed by turbidity 
measurements under the same conditions above mentioned.  
 
The assays of tubulin polymerization induced by fluoride complexes were carried out 
employing 30 µM GDP tubulin in MEDTA buffer with 3.4 M glycerol, 6 mM MgCl2 and 1mM 
GDP, adding increasing amounts of BeF3

- (from a 77.6 mM stock solution) or AlCl3 (at a 
constant 3 mM concentration of HKF2). Control reactions were performed in absence of 
salts, using instead tubulin with 1mM GTP.  
 
Microtubule fluoride stabilization assays were carried out by the addition of 30 µM GTP to 
30 µM GDP tubulin in the same buffer as for induction experiments. Increasing amounts of 
BeF3

- from stock or AlCl3 (at a constant 3mM HKF2 concentration) were added. Control 
reactions were performed in absence of salts.  
 
Paclitaxel-induced polymerization assays were performed from 25 µM GDP tubulin in 
PEDTA buffer with 6 mM MgCl2 and 1 mM GDP, 1 mM GTP or 0.25 mM GMPCPP. 30 µM 
Paclitaxel was added to these samples. Control experiments were carried out adding a 
Paclitaxel equivalent volume of DMSO. 
 
3.2.4.2. Determination of polymerization critical concentration (Cr) in presence of 
BeF3

-. 
 
Samples of 200 µL of tubulin at increasing concentrations, with 1 mM – 8 mM BeF3

-, were 
incubated 45 min at 37 ºC to reach polymerization equilibrium and centrifuged at 50,000 
rpm (100,000 g) and 37 ºC in a Beckman OptimaTM centrifuge, employing a TLA-100 
rotor. Supernatants were separated from pellets, and these were resuspended in 200 µL 
NaPi – SDS buffer. Both supernatants and pellets were diluted 1/5 in NaPi – SDS buffer 
and protein concentration was determined using a Horiba Jovin Yvon Fluoromax-2 
fluorometer at λexc = 220 nm and λem = 323 nm, employing 1 cm light path quartz cuvettes. 
Protein concentrations at the supernatants correspond to the critical concentration of 
tubulin (Cr) below which no significant formation of microtubules occurs at the given 



Materials and Methods 
 
 

66 
 

experimental conditions. The apparent binding constant of polymerization (Kp,app) was 
approximated from Cr 

-1 (Diaz et al., 1993) and plotted against the BeF3
-concentration 

employed in each condition. 
 
3.2.4.3. Determination of tubulin polymerization dependence on magnesium 
(Wymann plot assays). 
 
200 µL samples of 30 µM GDP tubulin in MEDTA buffer were supplemented with 3.4 M 
glycerol, 6 mM BeF3

- and 4 mM, 5 mM or 6 mM MgCl2. Samples were then incubated 45 
min at 37 ºC to reach polymerization equilibrium and then centrifuged at 100 K g, 37 ºC in 
a Beckman OptimaTM centrifuge, employing a TLA-100 rotor. Supernatants were 
separated from pellets, and these were resuspended in 200 µL NaPi-SDS buffer. Both 
supernatants and pellets were diluted 1/5 in NaPi – SDS buffer and protein concentration 
was determined using a Horiba Jovin Yvon Fluoromax-2 fluorometer, at λexc = 220 nm and 
λem = 323 nm, employing 1 cm light path quartz cuvettes. Apparent polymerization 
constants were estimated as the reciprocal of the protein concentration in the 
supernatants. Free Mg2+ concentrations were estimated from the total nucleotide, EGTA 
and free phosphate concentrations on the polymerizing conditions and their binding 
constants to Mg2+, using a q-basic script programmed by Dr. Fernando Diaz.  
 
3.2.4.4. Negative stained electron microscopy (EM).  
 
In order to visualize BeF3

- and AlFx induced polymers, 200 µL of 30 µM GDP tubulin was 
equilibrated in MEDTA buffer, supplemented with 3.4 M glycerol, 1 mM GDP, 6 mM MgCl2, 
and either with 6 mM BeF3

- or 500 µM AlCl3 + 2 mM HKF2. Samples were transferred into 
a 1 cm light path cuvette kept at 37 ºC and the polymerization reaction was followed by 
turbidity at λ = 350 nm in a UV-VIS spectrophotometer (Thermo-Fischer). When the 
reactions reached the polymerization plateau, 20 µL samples were adsorbed for 1 min on 
Formvar and carbon-covered 400 mesh TEM grids (Electron Microscopy Science), 
previously plasma-treated in a Glow Discharge device Quorum GloQube dual camera 
(Electron Microscopy Sciences) in order to improve sample adsorption. Then, grids were 
flash washed in one drop of 20 µL mili-Q water followed by three drops of 20 µL 2 % 
uranyl acetate, incubating the grid for 20 s on the last 2% uranyl acetate drop to allow 
sample staining. Grids were blotted on a WhatmanTM 3 mm paper and air dried. Samples 
were visualized in an electron transmission JEOL JEM-1230 microscope at 100 kV, 
equipped with a CMOS TVIPS 4K x 4K camera. All the images were acquired at 40 K 
magnification.  
 
3.2.5. Tubulin and microtubules-ligand interaction assays. 
 
3.2.5.1. Characterization of the binding of mant-nucleotides to apo-tubulin. 
 
3.2.5.1.1. Determination of active E-sites per mol of apo-tubulin. 
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The amount of active E-sites in apo-tubulin after charcoal treatment, either in presence 
(apo-T2-ZMP) or absence (apo-T2) of Zampanolide at the taxane binding site was 
determined by measuring the recovery of GTP-binding ability by the treated protein. 
Nucleotide extraction protocol is based on tubulin precipitation by addition of HClO4 to 
pH 1 followed by pH buffering, as described in section 3.2.3. Measurements of nucleotide 
concentration were performed by absorption spectrometry in a UV-VIS spectrophotometer 
(Thermo-Fischer) employing 1 cm light path quartz cuvettes. 1/2000 dilutions were made 
in NaPi-SDS buffer, where the molar extinction (ε) coefficient of guanine nucleotides at λ = 
252 nm is 13700 M-1 x cm-1. 
 
First, the content of nucleotide was measured in the apo protein after treatment for 
nucleotide removal, and it was found to be 0.35 ± 0.02 mol of nucleotide per tubulin dimer 
for apo-T2 and 0.49 ± 0.01 for apo-T2-ZMP. This is the amount of nucleotide bound to the 
N-site. Second, the content of nucleotide was measured after incubation with an excess of 
nucleotide to estimate the number of available sites after the treatment. To do so 50 µM 
apo-T2 or apo-T2-ZMP were incubated in PEDTA buffer with 1.5mM MgCl2 and 1mM GTP 
for 30min. The unbound nucleotide was removed by size-exclusion chromatography in a 
Sephadex G-25 column (20 x 0.9 cm) equilibrated in PEDTA with 1.5 mM MgCl2 and 
0.1mM GTP. Nucleotide was then extracted (as described in 3.2.5.1.1) and found to be 
0.64 ± 0.07 mol of nucleotide per mol of tubulin for the apo-T2 and, 0.79 ± 0.01 for the 
apo-T2-ZMP. This was the total amount of nucleotide bound to both, the N and the E-sites. 
The differences between the molar ratios obtained before and after GTP saturation of 
apo-T2 (0.29) and apo-T2-ZMP (0.30) were considered to be the ratio of active sites per 
mol of charcoal-treated tubulin. 
 
3.2.5.1.2. Determination of the binding constant of mant-nucleotides. 
 
Equilibrium binding constant (Kb) determination of mant-GDP and mant-GTP for apo-
tubulin was performed by fluorescence anisotropy, as previously described (Schaffner-
Barbero et al., 2010). This technique is based on the reduction of rotational freedom of a 
fluorescent probe when bound to a macromolecule, which is reflected on an increase on 
the intensity of polarized light emission. Experimentally, a T-fluorometer can be used for 
measuring the intensities of polarized emitted light at a given plane (vertical or horizontal) 
when exciting either at the same or the normal plane respect to the emission. Thereby, the 
ratio between the fluorescence emitted parallel and perpendicular to the excitation plane is 

given by the terminus 𝐼⊩, calculated from the following expression (Equation 1):  

 
 

𝐼⊩ =
𝐼  𝑥 𝐼

𝐼  𝑥 𝐼
  [1] 

 
 

Where 𝐼  represents the fluorescent intensity emitted in the polarization plane “y” when 

exciting in the polarization plane x (v = vertical, h = horizontal). 𝐼  / 𝐼  changes according 
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to the rotational freedom of the fluorescent probe, whereas 𝐼  / 𝐼  is employed to 
compensate differences in sensibility between the horizontal and vertical detectors. 

Employing the terminus 𝐼⊩, anisotropy is represented as: (Equation 2): 
 
 

 
𝑣 =

𝐼⊩ − 1

𝐼⊩ + 2
 [2] 

 

The binding constants of mant-GTP and mant-GDP for apo-T2 and apo-T2-ZMP were 
determined by fluorescence anisotropy at 25 ºC, in a Horiba Jovin Yvon Fluorolog T-
fluorometer at λexc = 492 nm and λem = 523 nm, acquiring Ivv, Ivh, Ihv and Ihh for each 
sample. The anisotropy of 2 µM mant-GDP or mant-GTP in PEDTA buffer was determined 
in the presence of increasing concentrations of apo-T2 or apo-T2-ZMP. These 
measurements were iteratively fitted by least squares using Sigma Plot software to the 
following expression (Equation 3): 
 
 

 
𝑋 =

𝑋 + 𝐾 [𝑇 ] 𝑋

1 + 𝐾 [𝑇 ]
 [3] 

 

 
Where 𝑋  is the estimated molar saturation fraction of the free probe (constrained to 0 for 

calculations), [𝑇 ]  is the molar concentration of free protein, 𝑋  is the theoretical 

maximum molar saturation fraction (constrained to 1 for calculations), 𝐾  is the binding 

constant of the probe and 𝑋  is the molar fraction of bound probe at a given protein 
concentration, which is determined from the measured fluorescence anisotropy values 
using Equation 4: 
 
 

 
𝑋 =

𝑣 −  𝑣

(𝑣 − 𝑣 ) + 𝑅(𝑣 − 𝑣)
 [4] 

  
 
Where 𝑣 is the fluorescence anisotropy of 2 µM mant nucleotide at a given concentration 

of apo-tubulin, 𝑣  is the fluorescence anisotropy of free 2 µM mant nucleotide, 𝑣  is 

anisotropy at saturating protein concentrations and 𝑅 is the probe quantum yield 
(Equation 5): 
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𝑅 =

𝐼

𝐼
 [5] 

 
 
Where 𝐼  is the fluorecence intensity of a given mant nucleotide at saturation and 𝐼  is the 

related fluorescence intensity in absence of protein. Both 𝐼  and 𝐼  were determined 

exciting the samples in the “magic angle” (54.7º), in which the fluorescence intensity of 
mant probes is proportional to the non-polarized (Lakowicz, 1999). This terminus weights 
the anisotropy values obtained with the difference in fluorescence intensity between bound 
and free mant nucleotide. 𝑅 is a constant for each fluorescent probe and protein at a given 
λexc, λem, temperature and buffer conditions, resulting in 2.60 for mantGDP and 2.13 for 
mantGTP. 
 
Essentially, from the experimental anisotropy measurements, the molar fractions of mant 
nucleotide bound to apo-T2 or apo-T2-ZMP were calculated. Free tubulin concentration 
was determined from total protein concentration and the fraction bound at each point. 
Datasets of 𝑋  and [𝑇 ]  are iterated in Equation 3, obtaining the best-fitting 𝐾  value. 

 
3.2.5.2. Characterization of Flutax-2 binding to cross-linked microtubules  
 
The binding constants of Flutax-2 (FTX-2) to cross-linked GDP-microtubules (GDP-MTX) 
and GMPCPP microtubules (GMPCPP-MTX) were determined by fluorescence anisotropy 
at  26, 27, 30 32, 35, 37, 40 and 42 ºC, in an Appliskan plate reader (Thermo Scientific) 
with fluorimetric polarized filters at λexc = 485 nm and λem = 535 nm. The anisotropy of 50 
nM FTX-2 was measured in the presence of increasing concentrations of MTX. Data 
analysis was performed as detailed above (Section 3.2.5.1.2), considering that FTX-2 
quantum yield (R) is 1 because there is no difference in maximum intensity between bound 
and free probe at λexc = 492 nm and λem = 523 nm (Diaz et al., 2000). 
 
 
3.2.6. TIRF microscopy based tubulin-ligand interaction assays 
 
3.2.6.1. Microtubule seeds preparation 
 
GMPCPP microtubule seeds were prepared by two cycles of microtubule polymerization 
and depolymerization. A mixture of 20 µM porcine brain tubulin (Cytoskeleton) with 18% 
biotin-labeled tubulin (Cytoskeleton) and 12% rhodamine labeled tubulin (Cytoskeleton) 
was polymerized in MRB80 buffer, in the presence of 1mM GMPCPP at 37 °C for 30min. 
After polymerization, the mixture was pelleted by centrifugation in an Airfuge (Beckman-
Coulter) for 5 min at 12 K g. The pellet was dissolved in MRB80 buffer, depolymerized on 
ice for 20 min and further polymerized in the presence of 1mM GMPCPP. After the second 
round of polymerization and pelleting, GMPCPP stabilized microtubule seeds were stored 
at -20 ºC in MRB80 containing 10% glycerol.  
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Laulimalide seeds were prepared by a single microtubule polymerization event. A 20 µM 
solution of porcine tubulin mixture was prepared and polymerized as described for 
GMPCPP seeds, but in the presence of 1mM GTP (instead of using GMPCPP). After 
incubation at 37 ºC for 30 min, assembled microtubules were diluted 1:1 in pre-warmed  
MRB80 with 20 µM Laulimalide, pelleted and again resuspended in 50 µL of MRB80 with 
20 µM Laulimalide. Seeds were stored at room temperature. 
 
3.2.6.2. Flow chambers display. 
 
Flow chambers for TIRF microscopy were assembled on glass slides by two strips of 
double-sided tape and sealed with plasma-cleaned glass coverslips. In order to attach 
microtubule seeds to the surface of the slide, the flow chambers were sequentially 
incubated with: 1) 0.2 mg/mL PLL-PEG-biotin in MRB80 buffer for 5 min at RT, 2) 1 mg/mL 
NeutrAvidin in MRB80 buffer for 5 min at RT 3) Microtubule seeds for 2 min at RT, 3) 
1mg/mL κ-casein buffer and immediately afterwards, 4) the reaction mixture (50 mM KCl, 
1mM GTP or GMPCPP, 0.1 % methylcellulose, 0.2 mg/ml κ-casein and oxygen scavenger 
mixture (50 mM glucose, 400 μg/ml glucose oxidase, 200 μg/ml catalase and 4 mM DTT in 
MRB80 buffer)), with or without Laulimalide. Then, flow chambers were sealed with 
vacuum grease, and FTX2 binding dynamics were recorded using TIRF microscopy. 
During in vitro sample imaging, all samples were maintained at 30 °C.  
 
3.2.6.3. Flutax-2 saturation and displacement assays. 
 
Microtubule seed preparations in flow chambers were set on a stage-top incubator at 
30ºC, allowing the display to get stabilized at working temperature for 10 min. Microtubule 
seeds were then saturated with Flutax-2, injecting 20 µL of the above described reaction 
mixture containing 200 nM of the probe. 100 ms exposure times were employed for each 
image, acquiring a total of 150 images in 5 min (2 s per frame). In displacement assays, 
the very same samples were flushed with 20 µL of reaction mixture containing 1 µM 
Chitax-40 after saturation, using the same settings as before. 
 
Imaging was performed on a TIRF microscope (inverted research microscope, Nikon 
Eclipse Ti-E), which was equipped with the perfect focus system (Nikon) and a Nikon CFI 
Apo TIRF × 100 / 1.49 numerical aperture oil objective (Nikon). The microscope was 
supplemented with a TIRF-E motorized TIRF illuminator, modified by Roper 
Scientific/PICT-IBiSA Institut Curie, and a stage-top incubator (model no. INUBG2E-
ZILCS, Tokai Hit) was used to keep flow chambers at 30 ºC. Image acquisition was 
performed using a CoolSNAP HQ2 CCD camera (Roper Scientific), and controlled with 
MetaMorph 7.7 software (Molecular Devices). For simultaneous imaging of red and green 
fluorescence, a triple-band TIRF polychroic ZT405/488/561rpc (Chroma) and a triple-band 
laser emission filter (no. ZET405/488/561m, Chroma), mounted in the metal cube 
(Chroma, no. 91032), together with an OptosplitIII beamsplitter (Cairn Research) equipped 



  Materials and Methods 
 
 

71 
 

with a double-emission filter cube configured with ET525/50m, ET630/75m and T585LPXR 
(Chroma) were employed.  
 
3.2.6.4. Image and Data analysis 
 
For image analysis, an optimized version of custom-made ImageJ software was employed 
(Mohan et al., 2013). Due to image drifting, data analysis first requires of the centering of 
images recorded along time and their subsequent stacking. Then, the, ImageJ plugin 
KymoResliceWide v.0.4 (https://github.com/ekatrukha/ KymoResliceWide) was used to 
generate kymographs of microtubule seeds and FTX2 live emission. Fluorescence 
intensities were background subtracted and normalized dividing each intensity value by 
the maximum and plotted against time. From these kymographs, plots of fluorescence 
intensity against time were obtained and binding kinetic data were fitted using a 
monoexponential rise to maximum model in SigmaPlot software (Equation 6): 
 
 

 𝐼 = 𝐼 + 𝐼 (1 − 𝑒 ) [6] 

 
Displacement data were fitted to a monoexponential decay model in the same software 
(Equation 7):   
 

 𝐼 = 𝐼 +  𝐼 (𝑒 ) [7] 

 
Where 𝐼  is the relative experimentally measured fluorescence intensity, 𝐼  is the relative 
fluorescence baseline (fixed to 0 for calculations), 𝐼  is the relative maximum of 
fluorescence intensity (fixed to 1 for calculations) and 𝑡 is the time in seconds. 𝐾  and 𝐾  
were iteratively obtained fitting experimental t and 𝐼  datasets to equations 6 and 7, 
respectively. 
 
3.2.7. Structural biology techniques 
 
3.2.7.1 Macromolecular X-ray crystallography 
 
3.2.7.1.1 Tubulin-RB3-TTL (T2R-TTL) complex preparation 
 
In order to obtain BeF3

-, AlF3
- and GMPCP bound tubulin structures, the tubulin tetramer 

complex T2R-TTL (Figure 14), described by (Prota et al., 2013) was employed. This 
complex includes two αβ heterodimers (chains A, B, C and D) with one RB3 molecule 
(chain E) bound along the tubulin heterodimers and one TTL (chain F) bound to chain A. 
Stoichiometrically GDP or GMPCP substituted tubulin was equilibrated in PD10 buffer and 
supplemented with 0.3 mM MgCl2 and 0.2 mM GDP (0.2 mM GMPCP in T2R-TTL-GMPCP 
complex). Then, tubulin was mixed with RB3 and TTL at a molar protein ratio of 2:1.3:1.2 
(tubulin:RB3:TTL) and incubated at 4 ºC for at least 10 min to ensure T2R-TTL complex 
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formation. The complex was then concentrated up to 20 mg/mL using an Amicon MWCO 
10K filtration device (Merck-Millipore) and supplemented with 10 mM DTT, 1 mM AMPPCP 
and either 0.2 mM GDP (in T2R-TTL- BeF3

- complex), 1.5 mM AlCl3 and 2 mM HKF2 (in 
T2R-TTL-AlF3

- complex) or 0.2 mM GMPCP (in T2R-TTL-GMPCP complex). Complex was 
fractioned in aliquots of 50 µL or 30 µL, snap-frozen in liquid nitrogen (-195.8 ºC) and 
stored at -80 ºC. 
 
 

 

 

Figure 14: The T2R-TTL complex, integrated by RB3 (orange, chain E), TTL (pink, chain F) and two tubulin 
heterodimers: α-tubulin (dark gray, GTP-bound, chains A and C) and β-tubulin (light gray, GDP-bound, chains 
B and D).  

 
3.2.7.1.2. T2R-TTL complex crystallization. 
 
T2R-TTL complex crystallization conditions were initially screened at 20 ºC on sitting drop 
MRC Maxi 48-Well crystallization plates (Hampton Research) employing as crystalizing 
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solution 200 µL of a Morpheus I system buffer 0.1 M MES-Imidazole at pH 6.7, 30 mM 
MgCl2, 30 mM CaCl2 and 5 mM L-tyrosine, PEG4000 and glycerol. This screening included 
variations on the concentrations of PEG4000 (0 - 7 %) and glycerol (0 – 11 %), which were 
the precipitating agents. As crystallization drops, 1 µL drop of protein complexes plus 1 µL 
of reservoir solution were used. Best crystallization conditions were optimized in 15-well 
hanging-drop plates (QIAgen EasyXtal), employing 500 µL reservoir solutions and 
crystallization drop volumes as before. Crystals were obtained in variable crystallization 
conditions and best crystals were chosen for soaking experiments with BeF3

-, adding 
7.76 mM BeF3

- (0.2 µL from 77.6 mM stock solution) to the crystals drop. Besides, AlFx 
and GMPCP complexes were obtained by co-crystallization, as were included along 
complex formation. 
 
 
3.2.7.1.3. Crystal data collection  
 
Crystals were fished using nylon loops (Hampton Research) and cryo-protected passing 
them through two drops of cryo-buffer containing crystallization buffer with increasing 
glycerol concentrations (16% and 20%) and, 1 mM AMPPCP, 10 mM DTT and 7.76 mM 
BeF3

- or 500 µM AlCl3 + 2 mM HKF2 to prevent fluoride salt dissociation from the 
nucleotide-binding pocket, which was observed on initial crystals analyzed and was related 
to the poor affinity of these for soluble bent tubulin. 
 
Crystals were diffracted at synchrotron beamlines XALOC (ALBA synchrotron, Cerdanyola 
del Vallès, Spain) or ID23-1 (European Synchrotron Radiation Facility – Grenoble, 
France). The main advantages on the use of X-ray synchrotron radiation are the high 
intensity and collimation of the beam, which improve the reflection intensities and 
reducethe experimental noise disturbance. For data collection, beam strikes the crystals at 
short intervals of time (0.1 s – 0.5 s), while the goniometer rotates on an axis normal to the 
beam (0.1 º - 0.5 º steps). Diffracted X-ray in both synchrotrons were collected in a 
Dectris-Pilatus3 X 6M detector (172 µM2/pixel, 424 x 435 mm active area, 6 Mpixel, 0.95 
ms readout time, 100 Hz maximum frame rate), obtaining a single reflection image per 
beam exposure. Properly centered crystals were initially shot at 0º, 90º, 180º and 270º and 
images were evaluated for quality and for data acquisition strategy using EDNA 
characterization (Incardona et al., 2009). Good diffracting crystals were further shot for a 
complete data collection as described above. For final crystal structure determination, 
these were the strategies for data acquisition:  
 
T2R-TTL- BeF3

- dataset was collected at ID23 (ESRF) using a  λbeam = 0.97242 nm and a 
462.59 mm sample to detector distance, acquiring a total of 2360 images with a 0.1 s 
exposure time along 236 º of total rotation (0.1 º/ image). 
T2R-TTL-AlF3

- dataset was collected at XALOC (ALBA)  using a λbeam = 0.97933 nm and a 
392.39 sample to detector distance, acquiring a total of 3000 images with a 0.1 s exposure 
time along 300º  of total rotation (0.1 º/ image). 
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T2R-TTL-GMPCP dataset was collected at XALOC (ALBA) using a λbeam = 0.97933 nm 
and a 485.57 sample to detector distance, acquiring a total of 2320 images with a 0.1 s 
exposure time along 232 º of total rotation (0.1 º/ image). 
 
 

 
Figure 15: A. T2TR crystal, fished in a nylon loop for data collection. B. X-ray diffraction pattern obtained from 
the crystal presented in A. 

 
3.2.7.1.4. Data processing 
 
X-ray crystallography data processing is based on assigning an intensity and a miller index 
(h,k,l) to each single reflection from a set of diffraction images. Each unique reflection is 
represented by a group of spots distributed among several images on the dataset so, the 
aim of the process is to associate the spots with single reflections that can be assigned to 
a diffraction plane.  
 
The first step involves the indexing of experimental reflections, and is based on assigning 
each diffraction spot to a single crystal reflection, defining the crystal symmetry group and 
determining the dimensions of the asymmetric unit (the repeating structure of the crystal, 
consisting on the minimum set of atoms that generate the unit cell) of a crystal lattice. In 
this step, XDS program package was employed (Kabsch, 2010). This software is 
composed of subroutines, which are scripts called in succession by the main program. The 
subroutines employed in data indexing were XYCORR (lookup table calculation of spatial 
corrections for each detector pixel), INIT (background, gain and blank lookup table 
calculation), COLSPOT (strong diffraction point localization) and IDXREF (employs the 
previous lookup tables to perform data indexing). 
 
Once the symmetry group is determined and the unit cell is refined, the second step 
implies the integration of crystal reflections, consisting on determining the intensities for 
each indexed reflection (I(h,k,l)). In this step are also refined some geometrical parameters 
as the crystal to detector distance and some other properties like the crystal mosaicity 



  Materials and Methods 
 
 

75 
 

(which is the spread of crystal plane orientations). XDS was also employed for integration, 
running the following subroutines: DEFPIX (recognize obscured regions in the background 
lookup table), XPLAN (estimation of the completeness of the reflection data), INTEGRATE 
(performs the integration itself) and CORRECT (application of correction factors of 
integrated intensities and standard deviations, refines the space group and unit cell 
constants and saves the final integrated intensities on a .HKL file). Before going on data 
analysis, integration parameters are checked to ensure no crystal or instrumental 
problems. At this point, some reflections in top resolution bins might be discarded due to 
lower intensity that implies low quality of the reflection, as the signal to noise ratio 
descend. T2R-TTL system crystals obtained shared the same symmetry group, as the 
three were defined as an orthorhombic – disphenoidal system, described by three binary 
symmetry planes, with a screw axis. (Laue group P212121). 
 
The diffracted intensities are defined in a relative scale, as they depend on multiple factors 
such as crystal dimension and the intensity of the X-ray primary beam that could vary 
along data collection. So, the last step consists on scaling and averaging the indexed and 
integrated symmetry-related intensities, generating a unique reflection list with their 
associated intensities and standard deviations. This step of the data reduction pipeline 
was performed using Pointless, Aimless and Ctruncate, from the CCP4 program suite. The 
goal on this step is to converse the intensities I(h,k,l) into the module of structure factors 
F(h,k,l). An structure factor is a vectorial magnitude that represents the resultant wave 
product of the sum of all the waves dispersed by the atoms of the unit cell in a given 
direction.  (Equation 8): 

  
 

𝐹(ℎ𝑘𝑙) = 𝑓 𝑒 [ ] [8] 

 
 
The structure factor is proportional to the atomic scattering factors (𝑓 ,), a magnitude that 

measures the X-ray scattering power of each atom. The conversion into structure factors is 
required to convert the reflections into a density function in the real space and thus, to 
perform the atomic model construction.  
 
The quality of the data scaling was evaluated from the determination of statistical 
parameters, globally or for each resolution shell. Most relevant parameters are: 
completitude (percentage of measured unique reflections against total possible number), 
multiplicity or redundancy (number of independent measurements of a unique reflection), 
and average intensity against standard deviation ratios (I/s; signal to noise ratio). Besides, 
R factors are evaluated (Rmerge, Rmeas and Rpim), which are statistic parameters that 
measure the spread of “n” individual measurements of the intensity of a unique reflection 

𝐼 (ℎ𝑘𝑙) around their merged (averaged) intensity 𝐼(̅ℎ𝑘𝑙), giving information about the 
quality of a dataset (Equation 9).  
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𝑅 = 𝑀
∑ ∑ |𝐼 (ℎ𝑘𝑙) − 𝐼(̅ℎ𝑘𝑙)|

∑ ∑ 𝐼 (ℎ𝑘𝑙)
 [9] 

 
 

Rmeas and Rpim are multiplicity-corrected by a 𝑀  factor of 𝑁
𝑁 − 1 or 1

𝑁 − 1 , 

respectively whereas Rmerge is biased by multiplicity (𝑀 = 1). In addition to the R factors, 
the CC1/2 parameter was employed to determine the nominal resolution of the scaled 
dataset (Karplus and Diederichs, 2012). This parameter consists on the Pearson 
correlation coefficient calculated from two halves of the randomly selected unmerged data 
and provides an evaluation of the relative proportions of each signal and noise that 
contributes to the data fluctuation at a given resolution. All the quality control statistical 
parameters were provided by Aimless software after data scaling. In general, for an 
acceptable dataset quality, a >95% completitude, > 6 multiplicity, and an Rpim < 0.04 were 
required. The nominal resolution was selected from maximum resolution shell in which 
I/σ > 1.5 and CC1/2 > 0.3. 
  
3.2.7.1.5. Phase problem resolution by molecular replacement 
 
The structure factor F(h,k,l) function is a vector definition of the reflection intensities, in 
which the waves are represented as complex numbers. Thus, the conversion of structural 
factors into electron density is solved applying the Fourier transform (Equation 10): 
 

 

𝜌(𝑥𝑦𝑧) =
1

𝑉
|𝐹(ℎ𝑘𝑙)|𝑒 [  ( )] [10] 

 
 
For this, the module and phase are required. The module is experimentally obtained from 
the geometry and the intensity of the reflections as described above. The phase terminus 
on the Fourier transform equation represents the deviation of the experimental reflection 
intensity due to the sum of off-setted waves, consequence of the gap between dispersed 
waves in the same angle but in different diffraction planes. The phase cannot be obtained 
from the experimental data because collected datasets were acquired from native crystals 
(no derivatives contained) and hence, was solved by the Patterson-based automated 
molecular replacement (MR) using T2R-TTL solved structure (PDB 4O2B) as searching 
model in Phaser (McCoy et al., 2007). This method is based on creating a Patterson map 
from our structure factors (Equation 11): 
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𝑃(𝑢𝑣𝑤) =
1

𝑉
|𝐹(ℎ𝑘𝑙)| cos 2𝜋[ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤] [11] 

 
 
The Patterson equation essentially transforms the information in the real space provided 
by the electron density functions into a new space (the Patterson space) defined by the 
squares of the structural factor modules, which are directly proportional to the diffracted 
intensities. The subsequent Patterson map obtained is then employed to locate a model 
structure in the Patterson space, obtained from an existent crystal structure, into the unit 
cell of the problem crystal. This is achieved through performing an iterative search by 
applying rotation and translation functions to place in the correct orientation and position 
the experimental unit cell in respect to a given model structure. The best search is 
obtained statistically by maximum-likelihood, optimizing the rotation and translation 
functions Z scores (RFZ and TFZ, respectively). In order to test the correct resolution of 
the phases, the log likelihood gain (LLG) was employed to evaluate the agreement of the 
electron density obtained with the data. This parameter has to be positive at the end of the 
run and should increase as the solution progresses.  
 
3.2.7.1.6. Atomic model refinement and validation 
 
The obtained MR model is fitted into a density map, used to construct the atomic model of 
the crystal protein. This density map is based on our experimental reflections and 
represents the uncertainty area in the position of the atoms of the model, due to B-factors 
and atomic positions. In order to optimize the atomic model into an experimental density 
map, model construction is based on a manual model building, correcting the model 
errors, employing Coot software (Emsley et al., 2010) and then a refinement of the model 
by phenix.refine (Phenix program suite), (Adams et al., 2010). The manual model building 
was performed employing the 2mFo-DFc map and the difference map mFo-DFc at, 1.5 σ 
and 5.0 σ, respectively. The model refinement is based on an iterative optimization 
process of the model parameters to the experimental data by maximum-likelihood 
functions, minimizing the differences between the calculated structural factors of the 
experimental and the manually corrected model. These differences are conceptualized in 
R factors (Equation 12):  
 

 
𝑅 =

∑ |𝐹 (ℎ𝑘𝑙) − 𝐹 (ℎ𝑘𝑙)|

∑ 𝐹 (ℎ𝑘𝑙)
 [12] 

 
 
R-work, (Rw) which is obtained from the whole experimental dataset and R-free (Rf), 
obtained from a randomly selected 5% of reflections that were previously obtained during 
Aimless processing, by the addition of a “free-R-flag” column to the reflections file. The 
model was completed with the addition of ligands (nucleotides), water molecules, ions 
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(magnesium, calcium), solvent components (glycerol, imidazole and MES molecules) that 
are ordered at certain conserved positions and by the correction of the geometric and 
stereochemical properties of the protein residues, and their validation using MolProbity 
(Chen et al., 2010). The electron densities for the ligands were validated by generating 
omit map calculations using Omit map software (Phenix program suite). This software was 
employed to calculate the mFo-DFc electron density map using the experimental 
amplitudes and the phases derived from a model without the ligand, in order to prove that 
the electron density from the ligand comes from the data and is not biased due to the 
model used on the MR or during model building. Ligand interfaces were analyzed by PDBe 
PISA (Krissinel and Henrick, 2007). All the figures were prepared using PyMOL software 
(The PyMOL Molecular Graphics System, v2.0, Schrödinger LLC, New York, 2017). 
 
3.2.7.2. X-ray fiber diffraction assays 
 
3.2.7.2.1. The shear-flow fiber alignment device. 
 
The device employed on the shear-flow alignment of microtubules is a modification from 
that described by (Sugiyama et al., 2009) and consists on: a machinable ceramic cylinder 
with a window at one of the ends, made of 0.2 mm-thick mica or Kapton tape, and a 
copper holder holding a 0.17 mm-thick ring slip, creating a rotation chamber that ends on a 
window, made of diamond or quartz. The chamber was placed in a direct-drive AC motor 
(HM2225 F12H + MD501 driver; Technohands), coupling the ceramic cylinder and the 
copper plate to the rotor with neodymium magnets. Temperature control of the cell was 
performed by an in-house system based on a temperature sensor placed on the copper 
plate, connected to an E5EC-RX4DMB temperature controller (Omron) looped to a 
thermo couple heater.  
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Figure 26: Schematic representation of a shear -flow device. A. Elements of the rotation chamber that after 
assembly (B) generate shear flow and allow the incident X-ray beam (red arrows) to pass through the window 
in the copper holder. C. Photograph of the original apparatus connected to the direct-drive AC motor. The 
image and the description were obtained from (Kamimura et al., 2016) 

 
3.2.7.2.2. Microtubule sample preparation 
 
At the associated laboratory of the synchrotron beamline, 10 mg of lyophilized calf brain 
tubulin were diluted to a final concentration of 100 µM in 1 mL of PEM buffer with 3 mM 
MgCl2 and the required nucleotide at twice the final concentration. After hydration, the 
protein was spun at 4 ºC for 5 min at 13000 g through Spin-X 0.45 µM cellulose acetate 
centrifuge filters (Costar) to remove aggregates. The assayed drugs were added at this 
point in pre-assembly experimental conditions, prior tubulin polymerization. Samples were 
incubated for 20 - 30 min at 37 ºC to induce the maximum fraction of polymerized tubulin. 
For the post-assembly conditions, drugs were added at this point of sample preparation. 
When the experiments were performed with GDP-tubulin, lyophilized tubulin was 
solubilized in buffer with 2 mM GDP and pre-incubated for 15 min at 37 ºC to achieve 
residual GTP hydrolysis, previous to ligand addition. Before setting samples on the shear-
flow alignment device, these were mixed in a 1:1 volume ratio in PEM buffer with 3mM 
MgCl2 and 2% methylcellulose and centrifuged 10 s at 2000 g to remove bubbles (which 
scatter X-ray radiation).  
 
3.2.7.2.3. Fiber diffraction image acquisition and data reduction 
 
X-ray fiber diffraction images were acquired in synchrotron radiation beamlines 
NCD-SWEET at ALBA synchrotron (Cerdanyola del Vallès, Spain) and BL40XU at Spring-
8 synchrotron (Hyogo, Japan). Diffracted X-ray in both synchrotrons were collected in a 
Dectris-Pilatus3 S 1M detector (172 µM/pixel, 168.7 x 179.4 mm active area, 1 Mpixel, 
2ms readout time, 25Hz maximum frame rate), obtaining a single diffraction image per 
beam exposure. The shear-flow device was aligned with the synchrotron X-ray radiation 
beam, was kept at 37 ºC and the ceramic cylinder was spun at 10 r.p.s to achieve the 
alignment of microtubules. 16-24 diffraction images were collected, from 4-6 independent 
samples (at least 4 images per sample were acquired, but the number could be increased 
depending on sample radiation damage). Background images were obtained in the same 
conditions, using PEM buffer with 3mM MgCl2 and 1% methylcellulose. Images from a 
given experimental condition were batch averaged and background subtracted using 
ImageJ (version 1.51j8; Wayne Rasband, National Institute of Health, Bethesda, USA). 
Besides, standard deviation intensity images were calculated in order to obtain the 
standard errors of microtubule lateral metrics (detailed below). The spatial calibration was 
performed using Ag-Behenate powder diffraction (Blanton et al., 2000) considering an 
elastic scattering, giving the distances to the beam center of the diffraction intensities into 
scattering vectors (q) that correspond to a real space distance (d) of: 
 



Materials and Methods 
 
 

80 
 

 
𝑞 =  

2𝜋

𝑑
 [13] 

 
The image integration consisted on assigning to the diffraction intensities their distance to 
the beam center after Ag-Behenate calibration, and it was performed using XRTools 
software (Obtained upon request from beamline BM26-DUBBLE of the European 
Synchrotron Radiation Facility (ESRF)). For the determination of average lateral 
microtubule measurements (radius, inter-protofilament distance and protofilament 
number), the integration of diffraction intensities that lay in the center-equatorial line (layer 
line 𝑙 = 0) was employed (Figure 17, blue line), since this layer line shows intensity peaks 
with the highest signal to noise ratios. For average axial monomer length determination, 
the center-meridional intensity profile was employed (Figure 17, red line). 
 
3.2.7.2.4 X-ray fiber diffraction images interpretation 
 
Microtubule fiber diffraction theory is based on microtubules as helical hollow cylinders, 
considered infinite with respect to a straight line extended through the center of the 
cylinder, without contacting with the wall.  This line could be defined as the fiber axis and 
remains parallel to the microtubule infinitely, so the distance of any point of the microtubule 
wall to the axis is unaltered by any symmetrical operation.  
 
In order to model the diffraction on microtubules, a first approach consists on explaining 
the lattice helical symmetry from an easier model, reducing the microtubule to a 
continuous helix, formed by infinite points (i.e. a helical wire). According to the helical 
diffraction theory, the cylindrical-polar projection of this continuous helical wire can be 
geometrically defined in the Fourier space by nth order Bessel functions (Cochran et al., 
1952). These transformations imply that each turn of the helix is represented as a 
circumference that in the Fourier space would be observed as a diffraction line. The 
spacing between lines is homogeneous and indicates which is the vertical distance of a 
helical step. However, microtubules are beaded polymers (i.e. tubulin monomers or 
dimers) that occur with vertical p spacing on a continuous helix and can be interpreted as 
the diffraction unit cell. Similarly to a continuous helix, the transform of a beaded helix is 
finite, limiting the reflections to layer lines, because the X-ray diffraction takes place from 
helical symmetry operations of the unit cell. However, the microtubule surface lattice is not 
defined by a single wire but by infinite imaginary helixes that would depend on the applied 
helical symmetry operation. So on, the transform of a discontinuous helix will be finite only 
in planes “𝑙” at height: 
 

 𝑙

𝑐
=

𝑛

𝑃
+

𝑚

𝑝
 [14] 

 
Where 𝑐 is the helix periodicity, 𝑃 is the distance along the fiber axis to rise a helix pitch 
and 𝑝 is the distance between mass points in the family of helixes and 𝑙, 𝑛 and 𝑚 are 
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necessarily integers. 𝑙 represents the diffraction layer line so that, for each couple of 
integer values ± 𝑚, there is a couple ± 𝑛 that solve the equation and confer values to 
Bessel function orders. Microtubule diffraction images show high intensity peaks at around 
q = 1.57 nm-1, corresponding to 4 nm in the real space and thus, to a helical diffraction with 
one monomer periodicity. Considering a 4 nm periodicity and a 3-star helix in which one 
monomer is the unit cell (𝑐 = 1), in order to complete a helix turn it is necessary to advance 
the distance corresponding to 3 monomers in the fiber axis (𝑃 = 3 in relative terminus). 
Thus, if we consider 13 protofilaments, to complete a helix pitch the vertical advance in the 
lattice through this geometrical operation is 3 monomers in the fiber axis and 13 
monomers in the perpendicular axis. Thus, 𝑝 = 3/13. Operating in Equation 12, we obtain 
the following expression: 
 

 3𝑙 = 𝑛 + 13𝑚 [15] 

 
That can be generalized to 𝑔 protofilament number by Equation 16: 
 

 3𝑙 = 𝑛 + 𝑔𝑚 [16] 

 
This expression is the helical selection rule for 3-start microtubule diffraction in which the 
asymmetric unit is the tubulin monomer.  For each layer line there are two solutions (𝑚 = 
±1, ± 2…), corresponding to two families of parallel helixes with similar pitch but opposite 
hand. Only in 𝑙 = 0 (the equatorial plane) the helixes are straight lines that give peaks on 
the same layer line. 
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Figure 17: Fiber diffraction image example, highlighting the equatorial (blue) and meridional (red) axes. 
Diffraction layer lines (𝒍 = 0 – 4) are indicated. Bessel functions are estimated from  < 𝑰 > ~ [𝑱𝒏(𝟐𝝅𝒓𝑹)]𝟐    
(Equations 17 and 19) in an R range from -0.1 to 0.1 nm-1 for m = 0 (black lines) and m = 1 (grey lines) 
solutions of the helical selection rule (Equation 16). Bessel functions are represented, considering model 
microtubules with 13 protofilaments, and a radius of 𝒓 = 12 nm. 

 
3.2.7.2.5. X-ray fiber diffraction images analysis 
 
Microtubules were considered cylinders with a 3-start helical pattern. Microtubule 
diffraction pattern comprises layer lines (𝑙) each defined by a group of Bessel functions of 

order n. Their structural factor 𝐹 ,  in the reciprocal space (R) is described by Equation 17, 

reduced from previous models (Cochran et al., 1952, Klug et al., 1958): 
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𝐹 , (𝑅) =  𝐽 (2𝜋𝑟 𝑅)𝑓(𝑅) 

[17] 

 

Where Jn is the nth Bessel function, rm is the radius of a microtubule with m number of 

protofilaments and 𝑓(𝑅) is the structural factor of the sphere defined by Equation 18 
(Malinchik et al., 1997) 

 
 

𝑓(𝑅) =  4𝜋𝑟
sin(2𝜋𝑟 𝑅) cos (2𝜋𝑟 𝑅)

(2𝜋𝑟 𝑅)
 [18] 

 

This expression is used to include the structural factor of the tubulin wall in the calculation 
and 𝑟  is the radius of the tubulin monomer considered as a sphere, with a value of 2.48 
nm (Kamimura et al., 2016). For radial structural parameters (average microtubule radius, 
rm; average protofilament number, ma; and average inter-protofilament distances, dm) the 
central-equatorial intensity profile was analyzed (𝑙 = 0) (Figure 18, blue line). The 
relationship between diffraction intensity and the structural factor is represented in 
Equation 19, as a Patterson function approximation (Amos and Klug, 1974, Cochran et al., 
1952): 

 
 

< 𝐼 , (𝑅) > =  𝐹 , (𝑅)  [19] 

 

 

The intensity of this layer line 𝐼 , (𝑅) at a reciprocal distance (R) results from a microtubule 

mixed population with different protofilament numbers (m), often from 10 to 15. 
Considering wm as the fraction of microtubules with m protofilaments, the resulting intensity 
was deconvolved as the sum of intensities of individual structure functions 𝐹 ,  (Equation 

20):  

 
 

< 𝐼 , (𝑅) > =  𝑤 ( 𝐹 , (𝑅) ) [20] 

  

In the 𝑙 = 0 layer line, diffraction intensity is explained by J0 and Jn where n = m (Oosawa, 
1975). Therefore, from Equation 19 we obtain Equation 21:  
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< 𝐼 , (𝑅) > =  𝑤 ( 𝐹 , (𝑅) + 𝐹 , (𝑅) ) [21] 

 

From Equation 17 and Equation 21 we got the Equation 22: 

 
 < 𝐼 , (𝑅) >

=  𝑤 ((𝑓(𝑅)𝐽 (2𝜋𝑟 𝑅))

+ (𝑓(𝑅)𝐽 (2𝜋𝑟 𝑅)) ) 

[22] 

 

This equation was used for iterative fitting by least squares of the experimental intensities 
using Solver function in Excel (Microsoft, 2010 version). For inter-protofilament distance 
determination (dm), rm was used as the apothem of an m-apex microtubule in which the 
linear distance between them is calculated according to Equation 23:  

 
 

𝑑 (𝑟) = 2𝑟 sin (
𝜋

𝑚
) [23] 

                                                   

The standard error of these calculated values was determined from the ratio between the 
maximum average values of J0 and Jn and the standard deviations of their intensities.  

For the determination of the average axial monomer length, the intensity profiles of the 
center-meridional signals (Figure 17, red line) were employed. The 4th harmonic of the 
4nm periodicity layer line set (𝑙 = 4) was employed to accurately calculate the axial 
monomer length. These were fitted to a single-peaked Lorentzian function using 
Sigma-Plot software (version 12.0), in which the position of the maximum of intensity 
correspond to ¼ of the average monomer length at the reciprocal space. The standard 
error was obtained from the standard deviation of the regression applied, which resulted to 
be a 0.025% deviation at maximum. Nevertheless, error calculations from overestimation 
of tubulin axial repeat due to obliqueness of protofilaments is never above 0.38 % because 
the protofilament maximum skew angle is 5 º (Kamimura et al., 2016). 
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Figure 18: Shear-flow X-ray fiber diffraction experimental scheme. A. Sample preparation and insertion in the 
shear-flow machine. B. Data collection, consisting on X-ray diffraction image acquisition. C. Data processing 
step, in which buffer images are subtracted to averaged experimental diffraction images. From these, 
equatorial (blue line) and meridional (red line) intensity profiles are integrated and analyzed. From the 
equatorial intensity profile, J03 and J04 + JN were deconvolved according to microtubules with different 
protofilament numbers in different proportions. Fitted curves were summed and correlated with experimental 
data. From the meridional profile, meridional intensity profile of the 1 nm layer line peak was fitted to a 
Lorentzian distribution to precisely calculate the position of the intensity maximum.  

 
3.2.7.3. Cryo Electron Microscopy (Cryo-EM) assays.  
 
Cryo-EM experiments were performed in collaboration with Denis Chretien research group 
(IGDR – Rennes, France). Experimental design and performing, data analysis and result 
interpretation was done by Siou Ku, Laurence Duschesne and Denis Chretien. 
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Tubulin was isolated from porcine brain by two cycles of assembly disassembly (Castoldi 
and Popov, 2003), followed by a final cycle in the absence of free GTP (Mitchison and 
Kirschner, 1984b). GDP microtubules were polymerized at a final tubulin concentration of 
40 µM in BRB80, 1 mM GTP, 35 °C. GMPCPP microtubules were polymerized at 10 µM 
tubulin in BRB80, 0.1 mM GMPCPP, 35 °C. GDP-BeF3

- microtubules were assembled 
using a seeded strategy: seeds were polymerized at 40 µM tubulin in BRB80, 25% 
glycerol, 20 mM NaF, 5 mM BeSO4, 35 °C for 1 hour. Microtubules were sheared by 
sonication (30 s) followed by up-and-down pipetting, and were diluted 1/10 in pre-warmed 
tubulin at 40 µM with the same buffer composition but in the absence of glycerol, giving a 
final glycerol concentration of 2.5 %, suitable for cryo-EM experiments.  
 
Cryo-EM grids were typically prepared after 60 min of assembly. Tobacco Mosaic Virus 
(TMV) was added to the suspensions before polymerization to be used as internal 
calibration standards. 4 µl samples were pipetted and deposited at the surface of holey-
carbon coated grids (R3.5/1, Quantifoil) in an automatic plunge freezer (EM-GP, Leica) 
under temperature and humidity controlled conditions. Grids were stored in liquid nitrogen 
(-195.8 ºC) before use. Specimen grids were loaded onto a cryo-holder (model 626, 
Gatan), and were observed in a 200 kV electron microscope (Tecnai G2 Sphera, FEI) 
equipped with a LaB6 cathode and a 4k x 4k CCD camera (USC4000, Gatan). Images 
were taken at 50 K magnification using a -1.5 µm to -3 µm defocus range. Individual 
microtubule images were straightened using TubuleJ (Blestel et al., 2009), which allows a 
semi-automatic determination of microtubule centers using the phase information on J0 in 
the fast Fourier transform (FFT) of the microtubule images. The protofilament skew angle 
(𝜃) was determined from the length of the moiré patterns (L, or ½ L) in the J0+JN filtered 
microtubule images using the following expression (Chretien and Fuller, 2000): 
 

 
𝜃 = 𝑠𝑖𝑛 (

𝛿𝑥

𝐿
) [24] 

 
Where 𝛿𝑥 denotes the lateral separation between protofilaments. This latter value was 
estimated to be 4.895 nm from the increase in microtubule diameter with protofilament 
number in 3D maps of microtubules (Sui and Downing, 2010).  
 
3.2.7.4. Analysis and visualization of channels in protein structures. 
 
Tunnel bottleneck radius of high resolution cryo-EM structures of GDP microtubules (PDB: 
6DPV) and GMPCPP (PDB:6DPU) were calculated using the PyMOL plugin of CAVER 3.0 
(Chovancova et al., 2012). The analysis was performed using the following tunnel 
calculation parameters: a minimum probe radius of 3 Å, a shell depth of 6 Å, a shell radius 
of 6 Å, a cluster threshold of 7 Å and 20 approximating balls. The starting point for the 
tunnel calculation was automatically optimized to the center of the pore I, defined by 
chains A, C, E and F of the structures, employing a maximum distance of the starting point 
of 3 Å and a desired radius of 5 Å. 
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4 

Results 
 

 

4.1. Biochemical and structural characterization of BeF3
- and AlFx interaction with 

tubulin and microtubules. 
 

Microtubules are dynamic filaments, which is critical for many biological processes. They 
constitute the center of a complex network essential on completing a finely tuned dynamic 
behavior, integrating signal transduction processes and generating coordinated 
mechanical forces. The microtubule cap is a fundamental structure on microtubule 
dynamic regulation, as is the responsible of dynamic instability and besides, interplays with 
a variety of MAPs and motors. Hence, a detailed study of the microtubule cap is 
paramount on our understanding of microtubule regulation and its functions.  
 
The microtubule cap is a heterogeneous structure as it is composed of tubulin in different 
nucleotide bound states. Thereby, as an approach for its biochemical and structural 
description, I have used beryllium fluoride and aluminum fluoride to, respectively, generate 
models of GTP and GDP-Pi tubulin and microtubules. These are small and soluble 
inorganic molecules, extensively described as γ-phosphate analogs in studies of many 
phosphatases and phosphotransferases (Jin et al., 2017, Golicnik, 2010). 

Beryllium (Be2+) and Aluminum (Al3+) cations produce soluble ionic complexes in presence 
of fluoride (F-) of the type BeFx

- and AlFx
-  where x = 1-4 and 1-6, respectively (Goldstein 

1964). Among these, BeF3
- is the major specie in the mM range of free fluoride and 

corresponds to a bona-fide analog of tetrahedral GTP γ-phosphate (Figure 19A, Danko et 
al., 2004). Instead, in this range of free fluoride in solution AlFx

- is composed of an 
equimolecular mixture of AlF3 and AlF4

- (referred from now on as AlFx).  Thus, AlFx
 

structures occur as hexacoordinates, which are closely related to the trigonal bi-piramidal 
state of phosphate upon hydrolysis and thus, behave as an analog of the GDP-Pi structure 
(Figure 19B, Coleman et al., 1994). 
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Figure 19: Molecular geometry of PO4
- (Pi), BeF3

- and AlF4
-. 

 
4.1.1. Effects of BeF3

- and AlFx on tubulin activation and microtubule stabilization. 

Dynamic instability is a cooperative mechanism of polymerization-depolymierization, 
closely related to the GTPase activity of tubulin: the binding of GTP to the E-site in 
β-tubulin favors activation upon assembly, whereas GDP makes tubulin remain in solution. 
GTP hydrolysis and the subsequent release of Pi induce structural straining and 
microtubule disassembly. Therefore, in order to validate these fluorides as nucleotide 
triphosphate analogs I first analyzed the tubulin activation and microtubule stabilization 
related to the absence of: i) GTPase activity (BeF3

-) or ii) the subsequent Pi release (AlFx).  

4.1.1.1. BeF3
- effects on tubulin activation 

Time course polymerization assays are useful for understanding the effects of drugs and 
chemicals on tubulin assembly into microtubules. To test the effects of γ-phosphate 
analogs on microtubule assembly, MEDTA buffer is a desirable condition because: 
i) commonly used phosphate buffers may promote competition of the inorganic phosphate 
with the analog fluoride salts and, ii) is a buffer condition in which GTP tubulin can 
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polymerize into microtubules, whereas GDP-tubulin cannot generate either microtubules or 
oligomers such as tubulin rings (Figure 20A, 21A). Thereby, this buffer allows monitoring 
the effects of these salts on tubulin polymerization into microtubules. 

When testing 30 µM fully-substituted GDP-tubulin in the presence of increasing 
concentrations of BeF3

- (Figure 20A), tubulin assembled at BeF3
- concentrations above 

1mM, showing a dose-response polymerization up to 10mM BeF3
-, where the assembly 

curve resembled that of GTP-tubulin. It is worth noting that to polymerize tubulin in the µM 
range requires mM salt concentrations, indicating that the apparent binding constant of the 
salt for tubulin in solution (in curved conformation) is in the milimolar range (< 103 M-1). The 
polymerization curves displayed a sigmoidal shape and the lag times were inversely 
proportional to BeF3

- concentration, which is related to the microtubule polymerization 
mechanism, based on nucleated elongation. Thereby, BeF3

- facilitates GDP-tubulin 
nucleation and activates it to polymerize, similarly to GTP activation. Negative-staining 
electron microscopy (EM) supported these biochemical observations (Figure 20B), 
showing fewer and longer microtubules than those grown in GTP-tubulin control 
experiments, indicating a lesser number of nucleation events. 

Importantly, critical concentration (Cr) values were very similar at different BeF3
-

concentrations, ranging between 3.0 µM and 5.0 µM and comparable to that measured for 
GTP-tubulin (Figure 20C). Therefore, the limiting step on GDP- BeF3

- tubulin 
polymerization kinetics is the nucleation process, probably due to a low binding affinity of 
BeF3

- to curved tubulin in solution.  

Mg2+ is an essential cofactor on tubulin assembly because it coordinates the β- and 
γ-phosphates on the GTP-bound state, promoting tubulin activation upon assembly. The 
Wyman plot helps on understanding the interaction of this cofactor with tubulin, 
representing the increase of the polymerization constant according to the activity (or free 
amount) of Mg2+in solution. In regard to the linked functions phenomenon (Timasheff, 
2002) I interpreted the Wyman plot as the number of Mg2+ cations in the solvent that are 
added into the microtubule per molecule of tubulin incorporated to the filament. Both 
conditions displayed positive Wyman plot slopes (Figure 20D), with similar values 
(k = 0.37) indicating a similar cofactor dependence and thus, that Mg2+ likely coordinates 
the GDP-BeF3

- tubulin complex as in GTP-tubulin upon addition to a growing microtubule, 
consolidating the BeF3

- identity as a γ-phosphate analog. 

 



Results 
 

92 
 

 

 

4.1.1.2. AlFx effects on tubulin activation 

Similarly to BeF3
-, time course assembly experiments also contributed to analyze 

GDP-tubulin activation in the presence of increasing concentrations of AlFx (Figure 21A). 
In the presence of 3 mM HKF2 (equal to 6 meq of F-), time course polymerization showed 
tubulin activation above 100 µM Al3+, with a linear dose-response effect up to 1 mM Al3+, 
reflecting a  tentative binding constant in the mM range (< 103 M-1), similarly to BeF3

-. In 
contrast to BeF3

--GDP and GTP experiments, GDP-AlFx -Tubulin seems not to follow 
nucleated condensation interactions, as time-lapse curves did not display either clear lag 
times before the linear growth of absorbance or a subsequent plateau. This might indicate 
that under the assayed conditions, the aggregation frequency is higher than the 
microtubule polymerization. EM microtubule images were closely similar to those obtained 

Figure 20: GDP-tubulin activation by BeF3
-. A) Time course assembly of 30 µM GDP-tubulin (Grey) at 37 ºC in 

presence of growing concentrations of BeF3
- (blue scale) or 1 mM GTP (Black). B) Negative stain electron 

microscopy images of MTs grown in presence of GDP-tubulin and 6 mM BeF3
- at 37 ºC. Scale bar is 200 nm.

Inset shows length estimations of MTs (n > 50) in presence of 2 mM, 4 mM or 6 mM BeF3
- (blue circles) or 

1 mM GTP (black square). C) Critical concentration (Cr) measurements at 37 ºC of GDP-tubulin in the 
presence of 1mM GTP (Black square) or growing concentrations of BeF3

- (Blue circles). D) Wyman plots 
showing the effect of increasing the activity of Mg2+ on GDP-tubulin assembly at 37 ºC in the presence or 
absence of 6 mM BeF3 

– (blue circles and black squares, respectively). 
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with BeF3
-, showing long microtubules but fewer than in the presence of that, and likely 

indicating that AlFx has a lesser nucleating effect (Figure 21B).  

 

 

 

4.1.1.3. Effect of BeF3
- and AlFx salts on microtubule stabilization 

Time course polymerization experiments of tubulin in presence of 30 µM GTP-tubulin 
allowed the study of the microtubule stabilizing effects of BeF3

- and AlFx. In absence of 
salts, absorbance increased due to formation of microtubules, reaching a maximum from 
which abruptly decreased, indicating polymer disassembly (Figure 22, black lines). This is 
related to the loss of the microtubule cap, due to GTP consumption in the reaction 
medium. BeF3

- induced a reduction of depolymerization at 0.1 - 1 µM and microtubule 
disassembly was totally inhibited at concentrations above 10 µM (Figure 22A). Hence, the 
apparent binding constant of this salt for microtubule lattice tubulin (in straight 
conformation) might be in the µM range, three orders of magnitude higher than for free 
tubulin in curved conformation. Unfortunately, Al3+ contamination through glass and 
nucleotide solutions prevented determining the effect of AlFx fluorides on microtubules, as 
stabilization is achieved with no further addition of AlCl3 (Sternweis and Gilman, 1982). 
Nevertheless, Al3+ traces can stabilize microtubules but not activate GDP-tubulin (Figure 
22B) indicating, similarly to BeF3

-, a higher binding affinity of aluminum fluorides for 
straight than for curved tubulin. 

 

Figure 21: GDP-tubulin activation by AlFx. A) Time course assembly of GDP-tubulin (salmon) with growing 
concentrations of AlFx (obtained from 3 mM HKF2 and increasing concentrations of AlCl3, red scale) or 1 mM
GTP (Black). B) Negative stain electron microscopy of MTs grown from GDP-tubulin treated with 500 µM AlCl3
plus 2 mM HKF2. Scale bar is 200 nm. 
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Besides, GDP- BeF3
- and GDP- AlFx microtubules show enhanced stability to 

non-physiological low temperatures (Figures 1A, 2A, 3A, 3B; 4ºC, dark arrow) likely due to 
the retention of a steady conformation. This evidence the existence of a stable 
pre-hydrolysis state related not only to the GTP state but also to the hydrolysis 
intermediate states on the microtubule cap. 

4.1.2. Structural determination of BeF3
- and AlFx binding sites on unassembled 

curved tubulin. 

Tubulin macromolecular crystallography has been a major challenge likely due to the high 
flexibility of the curved heterodimer in solution. Only the formation of tubulin complexes 
with partner proteins allowed reaching high resolution structures (Prota et al., 2013).  The 
complex using RB3 and TTL produce tubulin tetramers within the asymmetric unit cell 
(Figure 14, Materials and Methods) and has proved to be highly useful on the 
determination of the binding site of multiple microtubule stabilizing and destabilizing drugs 
(Steinmetz and Prota, 2018). The analysis of BeF3

- and AlFx required the use of 
fully-substituted GDP-tubulin within the complex and the approach included an initial 
crystal screening on MRC 96 well sitting drop plates followed by hanging drop crystal 
growth under selected conditions. The final conditions for the obtained crystals were the 
following: 8.8 % glycerol and 5.5 % PEG4000 for T2R-TTL- BeF3

- crystals and 5 % 
glycerol, 5.5 % PEG4000 and 500 µM AlCl3 + 2 mM HKF2 for T2R-TTL-AlF3 crystals. 
Several unsuccessful attempts of soaking experiments showed that BeF3

- and AlFx cleared 
out the binding site easily and hence, the addition of these salts also to cryoprotectants 
was essential to see clear extra densities corresponding to those. 
 
4.1.2.1.  GDP- BeF3

- tubulin complex structure determination. 

Molecular replacement and an initial refinement cycle showed several extra electron 
densities related to nucleotides, ions, solvent molecules and among them one at the E-site 
of chain D (upper β subunit), corresponding to a nucleotide γ-phosphate. Model building 

Figure 22: Microtubule stabilization by fluoride salts. Time course assembly of 30 µM GDP-tubulin, 
supplemented with 30 µM GTP (black) and either growing concentrations of BeF3

- (A. blue scale) or AlFx

obtained from 3 mM HKF2 and increasing concentrations of AlCl3 (B., red scale). 
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after sequential refinement cycles consolidated BeF3
- as the only possible ligand at that 

site, which is further confirmed by omit maps (Figure 23A, left panel). Importantly, similarly 
to previously modeled GTP-tubulin structures (PDB: 5XP3), (Figure 23B); one Mg2+ cation 
is coordinating the GDP β-phosphate and the BeF3

- molecule. This Mg2+ is located in a 
position attributable to GTP-tubulin, 4.5 Å apart from the GDP-tubulin Mg2+ (Figure 23C) 
supporting the relationship of this fluoride with the GTP γ-phosphate. 

The study of the interacting surfaces using PDBe-PISA (Appendix Table 2) showed that 
GDP-BeF3

- complex is stabilized via hydrogen and ionic bonds with loops T1, T4, T6 
(GDP); T3 and T4 (BeF3

-). Interestingly, loop T5 is in a “flipped out” conformation, 
exposing Asp179 to the solvent, which facilitates the head-to-tail interaction with an 
incoming dimer (Gigant et al., 2000) in a similar way to GTP-tubulin. Thus, BeF3

- promotes 
microtubule polymerization during protofilament elongation. 

4.1.2.2.  GDP-AlF3 tubulin complex structure.  

Similarly to GDP-BeF3
- tubulin structure, initial steps of model building highlighted an extra 

electron density related to the E-site but in this case, at chain B, which corresponds to the 
inner β subunit. Sequential refinement cycles and omit maps confirmed the presence of 
the γ-phosphate analog in this position (Figure 23A, middle and right panles). Interestingly, 
this extra density was located beside the Mg2+ ion at a distance of 2.77 Å, corresponding 
to a planar molecule of AlF3 (Figure 23D). PDBe-PISA analysis (Appendix Table 2) 
indicated that the GDP is stabilized as in the GDP-BeF3

- complex, and AlF3 through 
interactions with T2 and T3 loops. During model building T5 loop at chain D showed two 
possible positions with a 57 % occupancy in the GTP-like “flip out” conformation an a 43 % 
occupancy in a GDP-like “flip in” conformation (Figure 23E). Unfortunately, there was no 
electron density for AlFx at chain D. I interpreted the observed structural effect in absence 
of a modeled AlFx molecule through a low occupancy of the salt, as it might be present in a 
low percentage of unit cells. The partially modeled GTP-like T5 loop would support this 
interpretation.  

 

 

 

 

Figure 23: Structure of curved GDP-tubulin bound to γ-phosphate analogs. A. Composite omit maps of BeF3
- 

(left) and AlF3 (middle and right), showing mFo-DFc maps (blue, contour level σ = 1.0) of nucleotide and Mg2+ 
ions combine with 2mFo-DFc maps (green, contour level σ = 3.0) of the related γ-phosphate analogs. B. GTP 
(PDB 5XP3, black) and GDP- (PDB 4I55, gray) bound β-tubulin highlighting the localization of secondary 
structural elements surrounding the nucleotide binding and alternative positions of T5 loop depending on the 
nucleotide-bound state. C. Chain D alignment of GDP- BeF3

- structure (blue) with, GTP-bound (black), GDP 
bound (gray) and GMPCPP-bound (CPP, PDB 3RYH, orange) structures. D. Chain B alignment of GDP- AlF3 
(red) structure with GMPCPP-bound (orange) and GDP-bound (gray) structures E. Chain D alignment of 
GDP- AlF3 (red) structure with GTP-bound (black) and GDP-bound (gray) structures showing the dual 
conformation of T5 loops.  
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4.1.3. BeF3
- and AlFx - structural effects on the microtubule lattice. 

Shear-flow X-ray fiber diffraction is a useful technique for analyzing overall structural 
parameters of microtubules. As it is essential to produce a common orientation of 
microtubules to obtain diffraction patterns rather than scatter signals, shear-flow is an 
efficient alignment methodology, faster and less aggressive with labile biological filaments 
as microtubules than other alignment techniques. This methodology provides accurate 
information of the average diameter, inter-protofilament distances and axial interdimeric 
spacing of an in vitro microtubule population with a precision better than one tenth of the 
employed X-ray wavelength (Kamimura et al., 2016).  

4.1.3.1   Analysis of compact vs. expanded lattice conformations by fiber diffraction 
experiments. 

Up to date, GMPCPP microtubules are considered the best approximation to the 
GTP-bound state microtubule lattice. This nucleotide binds the nucleotide E-site, 
producing fast tubulin polymerization and microtubule stabilization and thus, it is 
considered a bona fide analog of GTP (Hyman et al., 1995) and its stabilizing effect is 
related to the induction of an axial lattice expansion (Alushin et al., 2014, Manka and 
Moores, 2018, Zhang et al., 2015). Besides, paclitaxel (PTX) is a MSA which molecular 
mechanism of action is partially explained through the induction of an expanded 
microtubule lattice, similarly to that of GMPCPP. Thus, its effects also resemble features of 
a GTP microtubule lattice (Alushin et al., 2014, Kellogg et al., 2017). Consequently, before 
studying the effects of γ-phosphate analogs on the microtubule lattice, I first checked the 
ability of shear-flow fiber diffraction on discerning between the microtubule compact lattice 
(GDP microtubules) and the expanded lattice associated to the GTP microtubule lattice 
(GMPCPP and GDP-PTX microtubules). All the average metrics and their experimental 
standard errors are presented in the Appendix table 3. 

Shear-flow X-ray fiber diffraction averaged images from GDP, GMPCPP and GDP-PTX 
microtubules showed high signal to noise ratios and well defined intensity profiles (Figures 
24A, 24B and 24C). The analysis of center-meridional intensity profiles of GDP, GMPCPP 
and GDP-PTX microtubules (obtained from assembling GTP tubulin in presence of 

paclitaxel, referred as GTP-T2 + PTX) showed the first layer line (𝑙 = 1) of microtubule 

helical diffraction at around q = 1.57 nm-1 (4 nm), and its harmonics: 𝑙 = 2 at q = 3.14 nm-1 

(2 nm), 𝑙 = 3 at q = 4.72 nm-1 (1.33 nm) and 𝑙 = 4 at q = 6.22 nm-1 (1 nm) (Figure 24E). 
This indicates an axial tubulin repeat of 4 nm, corresponding to the spacing of the tubulin 
monomer. However, GMPCPP and GDP-PTX microtubules diffraction patterns also 
display layer lines of lower intensity, closer to the equatorial plane, at around q = 0.79 nm-1 
(8 nm). This diffraction layer line corresponds to the helical periodicity of the αβ-tubulin 
heterodimer and its visualization indicates increased differences in axial spacing between 
α and β tubulin, due to a polarized dimer expansion. This observation agrees with previous 
models of GMPCPP and GDP-PTX microtubules, in which α tubulin increases its axial 
spacing while β tubulin remains unaltered (Kellogg et al., 2017). In order to determine the 

average axial monomer length, I employed the 1 nm layer line (𝑙 = 4), as according to the 



Results 
 

98 
 

helical selection rule (Materials and Methods, Equation 15) this layer line corresponds to a 
mixture of highly axial-centered Bessel functions of order between J0 and J4 for 
microtubules with 12-15 protofilaments (Materials and Methods, Figure 17). Therefore, the 
center-meridional intensity peak is higher for the 1 nm layer line than in any other of its 
harmonics, which allows performing measurements with high precision. The analysis of 
the position of this 1 nm peak reveals that the average monomer length is significantly 
higher on GMPCPP and GDP-PTX microtubules than on GDP microtubules (both 
4.18 nm-1 vs. 4.06 nm-1), indicating an axial expansion of GMPCPP and GDP-PTX 
microtubule lattices (Figure 24E, 24I). 

Due to shear-flow alignment and the improvement of detector sensibility, I could iteratively 
fit the experimental intensities on the equatorial intensity profile to a J03 + JN4 Bessel 
function, deconvoluting the signal according to the proportion of microtubules with different 
protofilament numbers (Materials and Methods, Equation 22) and thus, allowing for the 
first time the determination of the protofilament number distribution in a microtubule 
population (Figure 24G). The analysis of J03 and JN4 intensity maxima (Figure 24D) 
revealed that lateral metrics of both GDP and GMPCPP conditions exhibited marked 
differences: GDP microtubules showed lower average radius (11.42 nm vs. 11.63 nm, 
Figure 24H) mainly due to smaller average protofilament number in comparison with 
GMPCPP microtubules (12.91 vs. 13.29 protofilaments, Figure 24G). The proportion of 
14-protofilament microtubules was larger in GMPCPP than in GDP microtubules, in 
agreement with previously reported studies (Hyman et al., 1995). However, the 
inter-protofilament distances remained unaltered (5.50 nm for GMPCPP microtubules vs. 
5.45 nm for GDP microtubules, Figure 24F). Besides, GDP-PTX microtubules exhibited a 
lower average radius than the previous (10.87 nm) likely because of a reduction of the 
average protofilament number on, roughly, one protofilament (12.37 protofilaments) and a 
biasing of the protofilament number distribution to 12 protofilaments (Figure 24G), as their 
interprotofilament distance was comparable to GDP and GMPCPP microtubules 
(5.45 nm), in agreement with previous studies (Andreu et al., 1992).  

In conclusion, the lattice parameters measured for GDP, GMPCPP and GDP-PTX 
microtubules by shear-flow X-ray fiber diffraction are in agreement with previous models 
obtained from cryo-EM images and reconstructions. Hence, shear flow X-ray fiber 
diffraction is a suitable technique for describing axial and lateral metric differences when 
comparing microtubules in different nucleotide-bound states. 

Figure 24: Shear-flow X-ray fiber diffraction of GDP (grey), GMPCPP (orange) and GDP-paclitaxel 
(GTP-T2 + PTX, brown) microtubules. A., B. and C. Average diffraction images, indicating the presence of a 4 
nm layer line (𝒍 =1) and its 4th harmonic at 1 nm (𝒍 = 4). Insets represent a lowered contrast magnification of 
the equatorial area to avoid scattering signals and visualize the 8 nm layer line. D. Equatorial intensity profiles, 
describing the position of the Bessel functions maxima. The inset shows the calculated average JN function. E. 
Meridional intensity profiles, describing the positions of the 8 nm layer line, 4 nm layer line and its harmonics. 
The inset shows the best fit of 1 nm band experimental intensities to a Lorentzian normal distribution. F. 
Average inter-protofilament distances. G. Estimated frequency distribution of protofilament numbers for each 
experimental condition. The inset represents the calculated average protofilament numbers. H. Average 
microtubule radii I. Average axial spacing obtained from the position of the meridional 1nm layer line. 
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4.1.3.2. Analysis of BeF3
- and AlFx - effects on the microtubule lattice. 

Once proved that shear-flow X-ray fiber diffraction allows a structural description of 
microtubule lattice, I employed this methodology to determine the effect of fluoride salts on 
the microtubule lattice. To do this, I performed two different experiments: i) the addition of 
these salts for promoting GDP-tubulin assembly (pre-assembly experiments) and ii) the 
assembly of GTP-tubulin and subsequent addition of fluorides (post-assembly 
experiments) (Figure 25, Appendix table 3). There were no substantial differences 
between the metrics obtained with these two approaches, as the final states in both cases 
are microtubules with a given saturation of the salt, determined by their binding constant 
for straight tubulin. Nevertheless, post-assembly addition of fluoride salts produced images 
with higher signal to noise ratio (Figure 25A, 25B), likely because GTP yields higher 
microtubule concentrations. Hence, post-assembly experiments will be the reference.  

Center-meridional intensity profile analysis of GTP + BeF3
- and GTP + AlFx microtubules 

(Figure 25D) indicates an axial tubulin repeat of 4 nm but no 8 nm layer line. Remarkably, 
their average axial monomer length indicated an axial compact lattice (4.07 nm and 4.05 
nm, respectively, Figure 25H), comparable to that of GDP microtubules (4.06 nm) and in 
contrast to the axial expanded microtubule lattice induced by GMPCPP (4.18 nm). The 
equatorial intensity profile analysis denoted that GDP-BeF3

- microtubules display a 
markedly different lattice arrangement in comparison with GDP and GMPCPP 
microtubules. They showed a smaller average radius (11.16 nm, figure 25E), a slightly 
higher average inter protofilament distance (5.67 nm, Figure 25G) and a lower average 
protofilament number (12.23 protofilaments, Figure 25F) with a frequency distribution in 
which 12-protofilament microtubules are the mode, whereas 13-protofilament for GDP and 
GMPCPP microtubules.  GDP-AlFx microtubules exhibit a similar radius to GDP-BeF3

- 
microtubules (11.18 nm, Figure 25G), but a higher average protofilament number, with a 
frequency distribution biased towards a 13-protofilament mode (Figure 25F). Thereby, the 
average inter-protofilament distance necessarily decreases (5.21 nm), in order to fit into a 
more compact architecture.  

These results showed that GDP-BeF3
- and GDP-AlFx microtubules are structurally different 

to GMPCPP microtubules. The most relevant conclusion obtained is that the presented 
γ-phosphate model based on beryllium and aluminum salts do no reproduce the previously 
described microtubule expanded lattice, stated as the main structural characteristic of GTP 
microtubules. Accordingly, investigating the coupling of the expanded state of straight 
tubulin to GTP γ-phosphate has shown up as a prime task in the microtubule cap study.  

Figure 25: Effects of BeF3
- (Blue) and AlFx (Red) on microtubule lattice, compared to GDP (grey) and 

GMPCPP (orange). A. and B. Average images of post-assembly BeF3
- and AlFx microtubules, indicating the 

presence of a 4 nm-1 layer line (𝒍 =1) and its 4th harmonic at 1 nm-1 (𝒍 = 4). Insets represent a lowered contrast 
magnification of the equatorial area to avoid scattering signals and visualize the 8 nm layer line. C. Equatorial 
intensity profiles, describing the position of the Bessel functions maxima. The inset shows the calculated 
average JN function. D. Meridional intensity profiles, describing the positions of the 8 nm-1 layer line, 4 nm-1 
layer line and its harmonics. The inset shows the best fit of 1 nm-1 band experimental intensities to a 
Lorentzian normal distribution. E. Average inter-protofilament distances. F. Estimated frequency distribution of 
protofilament numbers for each experimental condition. The inset represents the calculated average 
protofilament numbers. G. Average microtubule radii. H. Average axial spacing obtained from the position of 
the meridional 1nm layer line. 
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4.1.4. Study of lattice axial expansion and its relationship with GMPCPP 
γ-phosphate. 

Aiming to determine the effects of GMPCPP γ-phosphate on the microtubule lattice, a 
useful approach is the use of macromolecular crystallography and shear-flow X-ray fiber 
diffraction of microtubules substituted at the E-site with two GMPCPP analogs: GMPCP, 
which consists on its hydrolysis product and GMPPCP: a β,γ-methylene GMPCPP analog. 

4.1.4.1 Obtainment of GMPCP- and GMPPCP- substituted tubulin. 

In order to study the effects on tubulin and microtubules of these nucleotide analogs, the 
first step consisted on substituting tubulin at the E-site with the desired nucleotide analog. 
However, these have a very low binding affinity for the tubulin E-site: GMPCP and 
GMPPCP bind tubulin E-site with equilibrium binding constants (Kb) in the 104 M-1 and 
103 M-1 range, respectively (Caplow et al., 1994). By comparison, natural nucleotides bind 
tubulin with higher affinity: GTP in presence of Mg2+ in the medium and GDP with or 
without Mg2+ bind the E-site with a Kb in the 107 M-1 range. However, the Kb of GTP in 
absence of Mg2+ decreases to the 104 M-1order, similarly to methylene analogs (Correia et 
al., 1987). Hence, I designed a substitution protocol based on the differential affinity of 
GTP in the presence or absence of Mg2+. 

Figure 26 and Table 1 represent the relative nucleotide composition of tubulin after a GTP 
and Mg2+ depletion step along the substitution protocol (referred as washed tubulin) and 
after saturation with the desired analog and equilibration in final buffer (referred as 
exchanged tubulin). Assuming that the 50 % of the total bound nucleotide corresponds to 
the N-site GTP, this exchange protocol yields a 55 % - 60 % substitution of tubulin with 
methylene nucleotide analogs, although a 20 % remains in GDP state, likely due to a lack 
of GTP displacement in the first steps of the protocol. Remarkably, there is also a 10 % 
excess of GTP, over the expected 50 % associated to the tubulin N-site. I considered two 
possibilities explaining this GTP excess: i) the presence of E-sites binding GTP that 
remains unexchanged along the applied protocol or ii) the presence of apo-T2 (tubulin 
deprived of nucleotide at E-site) and thus, the extra GTP binds the N-site. Nevertheless, 
this protocol yields an acceptable substitution degree to test the structural effects of 
GMPCP and GMPPCP on curved and straight tubulin.  
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Figure 26:  Ion pair HPLC determination of tubulin nucleotide composition. Chromatograms represent washed 
(black) and exchanged (red) tubulin obtained along A. GMPCP and B. GMPPCP substitution of tubulin. Black 
arrows indicate the peaks corresponding to the nucleotide analogs, highlighting their increase after the 
saturation of washed tubulin. 

 

 Washed T2  Exchanged T2 
GDP 0.09 ± 0.01 0.10 ± 0.01 
GTP 0.83 ± 0.03 0.61 ± 0.05 
GMPCP 0.08 ± 0.01 0.29 ± 0.02 

 

 

 

 

Table 1:  Relative nucleotide composition of washed and exchanged tubulin, obtained along the tubulin 
substitution protocol with nucleotide analogs. 

 

4.1.4.2.  GMPCP-tubulin complex structure determination 

In order to define the effects of GMPCP on curved unassembled tubulin, I performed 
macromolecular X-ray crystallography of T2R-TTL complex employing GMPCP-substituted 
tubulin (GMPCP-T2R-TTL). Similarly to the procedure followed for the analysis of BeF3

- 
and AlFx, I performed an initial crystal screening on sitting drop plates followed by hanging 
drop crystal growth under the optimal crystal growth conditions. The final conditions for the 
obtained crystals were 11 % glycerol and 5.5 PEG4000.  
 
Molecular replacement and initial steps of model building featured extra electron density at 
the E-site of chains B and D (both β subunits) attributable to di-phosphate nucleotides 
(Figure 27A). Model building after sequential refinement cycles (Figure 27B) confirmed the 

 Washed T2  Exchanged T2 
GDP 0.07 ± 0.02 0.12 ± 0.01 
GTP 0.80 ± 0.07 0.60 ± 0.01 
GMPPCP 0.13 ± 0.04 0.28 ± 0.06 
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presence of GMPCP at the E-site of the complex and one Mg2+ cation coordinating the 
β-phosphate in a position comparable to that on GDP-tubulin. The study of the interacting 
surfaces using PDBe-PISA (Appendix Table 2) showed that the GMPCP complex is 
stabilized likewise GDP via hydrogen and ionic bonds with loops T1, T4 and T6 (Appendix 
Table 2). Remarkably, the T5 loop is in a “flipped out” conformation, similar to GTP and 
GMPCPP tubulin.  
 
These observations suggests that the α,β-methylene group of GMPCP and GMPCPP 
analogs is able to induce itself a polymerization-prone conformation of tubulin and also, 
that this conformation is not strictly related to the γ-phosphate. 
 

 
 
 
 

4.1.4.3.  Effects of GMPCP and GMPPCP on the microtubule lattice. 

In order to evaluate the effects of the GMPCPP γ-phosphate on the microtubule lattice, I 
performed X-ray fiber diffraction experiments with GMPCP- and GMPPCP- substituted 
tubulin (Figure 28, Appendix table 3). The analysis of the average images (Figure 28A and 
28B), obtaining the equatorial and center-meridional intensity profiles (Figure 28C and 
28D) showed that these nucleotide analogs produce microtubules with similar average 
equatorial metrics to GMPCPP microtubules, including equivalent average microtubule 
radius (23.25 nm and 23.50 nm, Figure 28F); similar average protofilament number (13.55 
protofilaments and 13.03 protofilaments) with equivalent microtubule subpopulations in 
which 13 and 14 protofilament microtubules prevail, with no 11 protofilament microtubules 
(Figure 28F) and similar average inter-protofilament distances (5.40 nm and 5.55 nm, 
Figure 28E). 

Figure 27: Structure of curved tubulin bound to GMPCP. A. Composite omit maps of GMPCP showing mFo-
DFc maps (green, contour level σ = 3.0) of the nucleotide analog. B. Chain D alignment of GMPCP (green) 
structure with GMPCPP-tubulin (PDB 3RYH, black) and GDP-tubulin (PDB 4I55, gray) structures showing the 
dual conformation of T5 loops.  
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However, axial metric measurements highlight substantial differences (Figure 28H): 
whereas GMPCP microtubules display a high intensity 8 nm layer line and an average 
axial monomer length comparable to GMPCPP (4.17 nm) that corresponds to an axial 
expanded lattice, the non-hydrolysable GMPPCP nucleotide shows an average monomer 
rise related to a compacted lattice (4.06 nm) and no 8 nm layer line, similarly to GDP, 
GTP-like (BeF3

-) and GDP+Pi-like (AlFx) microtubules. 

These results demonstrate that the axial lattice expansion is not related to the GMPCPP 
γ-phosphate, as its hydrolysis product GMPCP induces same expanded microtubule 
arrangement. Similarly, three experimental conditions including the presence of 
γ-phosphate show a compressed lattice (GDP-AlFx-, GDP-BeF3

-- and GMPPCP-tubulin). 
In conclusion, the lattice axial expansion promoted by GMPCP and GMPCPP is not 
associated to the γ-phosphate but to the presence of the αβ-methylene group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Effects of GMPCP (Green) and GMPPCP (Pink) on the microtubule lattice, compared to GDP 
(grey) and GMPCPP (orange). A. and B. Average images of GMPCP and GMPPCP microtubules, indicating 
the presence of a 8 nm-1 and a 4 nm-1 layer line (𝒍 =1) with its 4th harmonic located at 1 nm-1 (𝒍 = 4). Insets 
represent a lowered contrast magnification of the equatorial area to avoid scattering signals and visualize the 8 
nm layer line. C. Equatorial intensity profiles, describing the position of the Bessel functions maxima. The inset 
shows the calculated average JN function. D. Meridional intensity profiles, describing the positions of the 8 nm 
layer line, 4 nm layer line and its harmonics. The inset shows the best fit of 1 nm band experimental intensities 
to a Lorentzian normal distribution. E. Average inter-protofilament distances. F. Estimated frequency 
distribution of protofilament numbers for each experimental condition. The inset represents the calculated 
average protofilament numbers. G. Average microtubule radii H. Average axial spacing obtained from the 
position of the meridional 1nm layer line. 
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4.1.5. Validation of fiber diffraction results using cryo-EM experiments. 

4.1.5.1 Metric correlation of fiber diffraction and cryo-EM data. 

The analysis of microscopy images revealed consistent results with the X-ray fiber 
diffraction metrics (Figure 29). GMPCPP microtubules showed an axial expanded lattice 
conformation (4.22 nm) whereas GDP and BeF3

- microtubules displayed an axial 
compacted lattice (Both 4.10 nm) (Figure 29B and 29F). Regarding the protofilament 
number distributions (Figure 29C), those for GDP and BeF3

- are comparable to that 
obtained by X-ray fiber diffraction, showing modes of 13 and 12 protofilaments, 
respectively. However, GMPCPP microtubules displayed a different protofilament number 
frequency distribution, with a majority of 14-protofilament microtubules. This fact is 
probably a consequence of employing different buffer conditions on microtubule 
polymerization for each structural technique (described in Materials and Methods, sections 
3.2.7.2.3 and 3.2.7.3). 

4.1.5.1. Protofilament skew analysis in 13-protofilament microtubules. 

A detailed analysis of the structure of 13-protofilament microtubules on the three studied 
conditions (Figure 29A) showed that GDP straightened microtubules display two dark inner 
fringes running parallel to the microtubule axis, indicating that their protofilaments are 
parallel displayed. On the other hand, both BeF3

- and GMPCPP display moiré fringe 
patterns implying a skew of the microtubule protofilaments relative to the longitudinal axis. 
An equatorial intensity distribution analysis of the 4 nm layer line (Figure 29D) revealed 
that BeF3

- microtubules display a swapped position of the J3 and J10 peaks respect to GDP 
and GMPCPP microtubules, with the first located further from the meridional. Together, 
these observations point out that GDP microtubules have a protofilament skew (𝜃) close to 
0 º whereas BeF3

- and GMPCPP microtubules have a left handed (negative) and right 
handed (positive) skew, respectively (Figure 29E and Figure 29H). The lattice 
accommodation model (Chretien and Fuller, 2000, Chretien and Wade, 1991) describes 
how the microtubule lattice engages changes in protofilament number and helical start 
numbers. This model is useful to get additional information on protofilament skew angles, 
with no need of 3D model building. Accordingly, the described protofilament skew may 
occur through changes in axial spacing, inter-protofilament axial subunit rise and 
inter-protofilament distance, although this last dimension has little influence in the 
protofilament skew. From lattice accommodation model we determined the values of the 
interprotofilament subunit rises (Figure 29G). Both GDP and GMPCPP microtubules show 
a similar subunit rise (0.94 nm) whereas this parameter is increased for BeF3

- microtubules 
(0.97 nm).  

From these results, we concluded that the expanded axial monomer length might explain 
the right-handed protofilament skew observed in GMPCPP microtubules, as there are no 
differences in their inter-protofilament axial rise. On the other hand, BeF3

- microtubules 
show an increase in this parameter that might explain a left-handed skew through 
modifications of the lateral contact interfaces between dimers. 
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Figure 29: Microtubule Cryo-EM images and metrics of 13-protofilament GDP (grey), GDP-BeF3
- (blue) and 

GMPCPP (orange) microtubules. A. Straightened filtered (upper) and raw (bottom) images of microtubules, 
indicating the half-length (½ L) of moiré patterns. B. Detail of the fast Fourier transform (FFT), including the 
estimated monomer axial spacing from the position of the 4nm layer line. C. Magnification of the FFT equator 
and 4nm layer lines, highlighting the position of the Bessel function maxima. D. Protofilament number 
comparison between values calculated by X-ray fiber diffraction (solid lines) and values determined by Cryo-
EM (dashed lines) E. Calculated protofilament skew angles () from ½ L of moiré patterns. F. Calculated 
monomer lengths G. Calculated inter-protofilament subunit rises. H. 3D reconstructions of 13 - protofilament 
microtubules, highlighting the estimated microtubule supertwists.  

 

4.2. Study of the interplay between taxane and E-sites in tubulin and microtubules. 

Paclitaxel (Taxol®) is a microtubule stabilizing agent widely employed in cancer 
chemotherapy. Currently, there are disagreements about the molecular mechanism 
underlying microtubule stabilization by this drug. However, its most significant effect is the 
induction of an axial lattice expansion likewise GMPCPP, the initially suggested GTP state 
of the microtubule cap (Arnal and Wade, 1995, Alushin et al., 2014). Instead, I have 
described in section 4.1 that the GTP-like state, displayed by GDP- BeF3

- microtubules, 
shows a compact lattice and thus, γ-phosphate is not involved in the microtubule axial 
lattice expansion.  

Remarkably, the presence of αβ-methylene guanine nucleotide analogs (GMPCP and 
GMPCPP) at the E-site or paclitaxel at the taxane binding site can induce a similar 
microtubule lattice expansion. If the activation of any of these two binding sites can trigger 
the same effect on the microtubule lattice, it may indicate that there is an interplay 
between them. In this section, I explore the biochemical and structural interplay between 
the E-site and the taxane binding site using biochemical and structural approaches and 
how an expanded lattice in microtubules could affect the paclitaxel binding. 

4.2.1. Effects of zampanolide on the binding of mant-nucleotides to unassembled 
curved tubulin. 

First, I studied the interplay between the taxane and E-sites in curved tubulin through 
analyzing the influence of the occupancy of the taxane binding site on the binding affinity 
of the nucleotide. For this purpose, I measured the equilibrium binding constants (Kb) for 
the E-site in apo-tubulin (deprived of nucleotide at the E-site) of mant-GDP and mant-GTP, 
two fluorescently labeled analogs. I measured these binding constants either with or 
without zampanolide bound at the taxane binding site (defined as apo-T2 and 
apo-T2-ZMP, respectively) (Figure 30). Zampanolide is a non-taxane TSB, so its structure 
has no relationship with paclitaxel, but it binds covalently to the taxane binding site, 
forming a stable adduct with tubulin. Thus, it will remain bound despite any change on 
sample conditions (i.e. dilution or variations in sample chemical conditions). 
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I found that at 20 ºC mant-GDP binds similarly to curved tubulin no matter if the taxane 
binding site contained the drug (apo-T2-ZMP, Kb = 3.79 ± 0.26 x 105 M-1) or not (apo-T2, 
Kb = 3.14 ± 0.7 x 105 M-1) (Figure 30A). On the other hand, mant-GTP binds with lower 
affinity to apo-T2-ZMP (Kb = 1.69 ± 0.11 x 105 M-1) than to apo-T2 (Kb = 8.43 ± 0.22 x 105 
M-1), (Figure 30B). Thereby, the accommodation of the γ-phosphate at the E-site depends 
on the occupation of the taxane binding site, at least on tubulin in curved conformation. 
Hence, these results demonstrate the interplay between the E-site and the taxane binding 
site in curved tubulin. 

4.2.2. Effects of paclitaxel on tubulin polymerization in different nucleotide states.  

In order to test if the observed biochemical cross-talk in curved tubulin has implications on 
microtubule polymerization, I performed time course experiments with tubulin substituted 
with different nucleotides (GDP, GTP and GMPCPP) in presence of paclitaxel. To 
determine only the differences in the assembly that are due to the drug, I employed 
restrictive tubulin assembly conditions to ensure a biochemical linkage between the ligand 
binding and the polymerization (Diaz et al., 1993) and thus, that only tubulin in presence of 
paclitaxel polymerize (Figure 31, inset).  

The time course assembly curves (Figure 31) show that, as expected (Diaz et al., 1993), 
GTP-tubulin polymerization is facilitated in comparison to GDP-tubulin in the presence of 
paclitaxel, in terms of a lower latency time (i.e. improved nucleation), a higher maximum 
absorbance (i.e. more or longer microtubules) and a higher exponential phase slope (i.e. 
faster polymerization dynamics) (Figure 31, black vs. grey lines). In addition, 
GMPCPP-tubulin polymerized in the presence of paclitaxel showed the highest 
exponential phase slope and maximum absorbance. Remarkably, in this condition there is 
no latency time, suggesting a very fast nucleation. Hence, the nucleotide state of tubulin in 
solution can condition the polymerization dynamics in the presence of paclitaxel. Thus, 
these results further support the interplay between the taxane binding site and the 
nucleotide E-site in microtubular straight tubulin.  

Figure 30: Effects of zampanolide on the binding of mant-nucleotides to unassembled curved tubulin. Titration 
of A. mantGDP and B. mantGTP with apo-T2 (black circles) and apo-T2-ZMP adduct (red circles) at 20 ºC. 
Curves correspond to the binding isotherms calculated from least-squares iterative regression of the point plots
to a one-site saturation binding model. 
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Figure 31: Effects of paclitaxel on tubulin polymerization in different nucleotide states. Time course 
polymerization of 30uM GDP (grey), GTP (black) and GMPCPP (orange) tubulin in presence of 35 µM 
Paclitaxel. The inset represents the same experimental conditions in absence of paclitaxel. 

 

4.2.3. Implications of tubulin axial expansion on the joint microtubule stabilizing 
effect of GMPCPP and paclitaxel. 

The results presented in section 4.2.2 are consistent with the fact that both GMPCPP and 
paclitaxel have a stabilizing effect on the microtubule lattice, as their joint action produce 
the most favorable microtubule polymerization condition. However, the stabilizing 
mechanism of both is attributed to the same lattice effect (i.e. the increase of the average 
monomer length on 0.13 nm). Thereby, two different hypothesis emerge that could explain 
their combined effect on microtubule polymerization: i) both ligands induce synergically the 
same final expanded lattice structure or, ii) each ligand use their own mechanism for lattice 
expansion, producing a more stable final microtubule lattice, different from those 
individually induced by GMPCPP and paclitaxel.  

To further understand the synergistic effect of paclitaxel and GMPCPP, I performed 
shear-flow X-ray fiber diffraction experiments on microtubules assembled in the presence 
of GTP or GMPCPP and paclitaxel (Figure 32, Appendix table 4). The aim was to 
determine if there was any structural difference on the resulting microtubule lattices. I 
measured microtubules polymerized from 50 µM GTP-tubulin or 50 µM GMPCPP-tubulin 
in presence of 100 µM paclitaxel (GTP-T2 + PTX and CPP-T2 + PTX, respectively), 
comparing their lattice parameters. The analysis of the center-meridional intensity profile of 
CPP-T2 + PTX microtubules (Figure 32C) showed the same 4 nm and 8 nm axial tubulin 
repeats previously described for GTP-T2-PTX microtubules, and an equivalent axial 
monomer rise (4.18 nm, Figure 32G). Indeed, the analysis of the center equatorial intensity 
profile (Figure 32B) also showed equivalent equatorial metrics to GTP-T2-PTX: a similar 
mean radius (11.07 nm, Figure 32F), inter-protofilament distance (5.51 nm, Figure 32D) 
and average protofilament number (12.49 nm, Figure E) with a similar distribution of 
protofilament numbers subpopulations.  
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Therefore, the cumulative effects of paclitaxel and GMPCPP in tubulin nucleation and 
assembly are due to the stabilization of the same final microtubule lattice, producing its 
synergic stabilization.  

 

4.2.4. Effects of paclitaxel on the microtubule lattice in different nucleotide states. 

Since paclitaxel exerts differences on tubulin nucleation and elongation depending on the 
nucleotide bound at the E-site, I further investigated the effect of paclitaxel on tubulin GTP 
hydrolysis during the assembly and the structural features of the resulting polymerized 
microtubules.  

First, I performed ionic pair HPLC experiments to analyze the nucleotide content of 
microtubules polymerized from GTP-Tubulin (GTP-T2 + PTX microtubules). If paclitaxel 
inhibits tubulin GTPase activity then these microtubules should be enriched in GTP. 
However, the content of GTP (α): GDP (β) was 1.08 ± 0.02: 1.04 ± 0.01, which is similar to 
the nucleotide content of GTP-tubulin polymerized in the absence of paclitaxel. Hence, the 
binding of paclitaxel has no consequences on the GTP hydrolysis so the observed 
enhancement of GTP-tubulin elongation respect to GDP-tubulin is not related to the 
blockage of tubulin in a GTP state. 

Second, even though paclitaxel does not alter the GTPase activity of tubulin, it might 
require the GTP hydrolysis to produce its observed effects on the microtubule lattice (i.e. 
the lattice expansion). Hence, I performed shear-flow X-ray fiber diffraction experiments 
on: i) microtubules polymerized from GTP-tubulin in the presence of paclitaxel 
(GTP-T2 + PTX microtubules), ii) those initially assembled and later stabilized with 
paclitaxel (GDP-MT + PTX microtubules) and, iii) microtubules assembled from 
GDP-tubulin in the presence of paclitaxel (GDP-T2 + PTX microtubules) (Figure 33). 
Remarkably, there were no important structural differences between microtubules grown 
from these three conditions and all of them showed previously described expanded lattice 
(Figure 33C and 33G). Therefore, the paclitaxel stabilizing mechanism does not require 
the energy from GTP hydrolysis to produce this structural change. 

Finally, I analyzed the effect of the presence of the γ-phosphate at the E-site on the 
paclitaxel stabilizing mechanism. To this end I performed shear- flow X-ray fiber diffraction 
on microtubules polymerized from 50 µM GDP-tubulin with 10 mM BeF3

- and 
100 µM paclitaxel (GDP-BeF3

- + PTX) or 50 µM GDP-tubulin with AlFx (obtained from 500 
µM AlCl3 + 2 mM HKF2) and 100 µM paclitaxel (GDP-AlFx + PTX) (Figure 34, Appendix 
table 4). The analysis of center-meridional intensity profiles showed that GDP-BeF3

- + PTX 
and GDP-AlFx + PTX displayed an axial tubulin repeat of 4 nm but lack the 8 nm layer line. 
Therefore, in contrast to GTP-T2 + PTX microtubules, tubulin has similar intradimer and 
interdimer distances (i.e. display a compact lattice, Figure 34A, 34B, 34H). Axial spacing 
was 4.03 nm and 4.04 nm (very alike to 4.00 nm measured in GDP microtubules) and far 
from the 4.12 nm observed in GTP-T2-PTX-MT. Similarly, the analysis of the equatorial 
intensity profiles highlighted that BeF3

--PTX and AlFx-PTX microtubules displayed a slightly 
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higher average radius (11.19 nm and 11.23 nm vs. 11.04 nm, Figure 34G) compared to 
GTP-T2-PTX microtubules. In view of the average protofilament number that is very similar 
between these three conditions (12.27 and 12.36 vs. 12.35), BeF3

--PTX and AlFx-PTX 
microtubules showed an increased inter-protofilament distance (5.67 nm and 5.65 nm vs. 
5.55 nm, Figure 34E). Comparing protofilament number distributions, the mode is more 
biased towards 12-protofilament microtubules in the presence of γ-phosphate analogs 
(Figure 34F).  

Results from section 4.2.1 suggest that the presence of a ligand at the TBS hinders GTP 
binding, and here I show that in the presence of the γ-phosphate paclitaxel does not 
induce lattice expansion. Then, a plausible explanation could be that the presence of 
γ-phosphate significantly hampers paclitaxel binding resulting in such microtubules 
compact lattice. In order to confirm the presence of paclitaxel in GDP-BeF3

- + PTX and 
GDP-AlFx + PTX microtubules, I analyzed these by reverse-phase HPLC chromatography. 
I isolated microtubules polymerized from 30 µM GTP-tubulin (GDP microtubules), 30 µM 
GDP- BeF3

- tubulin or 30 µM GDP-AlFx-tubulin with 50 µM paclitaxel and quantified the 
molar fraction of saturation of paclitaxel and found that was more than 80 % in all three 
samples (Xb > 0.88). Therefore, the presence of γ-phosphate does not perturb paclitaxel 
binding but significantly affects paclitaxel effect on microtubule lattice, abolishing axial 
expansion. 

In conclusion, the observed axial microtubule lattice expansion is a consequence of the 
effects of paclitaxel on the GDP microtubule core and does not require the hydrolysis of 
GTP to occur. Hence, considering that the microtubule cap is in a compact lattice 
conformation and that paclitaxel does not alter its structure, it seems odd to consider the 
mimic of the effects of GTP on the microtubule lattice as the base of its molecular 
mechanism.  
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Figure 32: Effects of paclitaxel on GMPCPP microtubules (CPP-T2+paclitaxel brown) compared to 
GDP (grey), GMPCPP (orange) and GDP-Paclitaxel microtubules (GTP-T2 + PTX, brown). A. Average image 
of CPP-T2 microtubules, indicating the presence of a 4 nm layer line (𝒍 =1) and its 4th harmonic at 1 nm (𝒍 = 4). 
The inset represents a lowered contrast magnification of the equatorial area to avoid scattering and visualize 
the 8 nm layer line. B. Equatorial intensity profiles, describing the position of the Bessel functions maxima. The 
inset shows the calculated average JN function. C. Meridional intensity profiles, describing the positions of the 
8 nm layer line, 4 nm layer line and its harmonics. The inset shows the best fit of 1 nm band experimental 
intensities to a Lorentzian normal distribution. D. Average inter-protofilament distances. E. Estimated frequency 
distribution of protofilament numbers for each experimental condition. The inset represents the calculated 
average protofilament numbers. F. Average microtubule radii G. Average axial spacing obtained from the 
position of the meridional 1nm layer line. 

Figure 33: Effects of paclitaxel on GDP-microtubules. Comparison of GDP-Paclitaxel microtubules obtained 
from assembling GDP tubulin in presence of Paclitaxel (GDP-T2 + PTX, light purple) and from treating pre-
assembled microtubules with Paclitaxel (GDP-MT + PTX, dark purple) with GDP microtubules (grey) and 
microtubules obtained from assembling GTP tubulin in presence of Paclitaxel (GTP-T2 + PTX, brown). A. and 
B. Average images of GDP-T2 + PTX and GDP-MT + PTX microtubules, indicating the presence of a 4 nm 
layer line (𝒍 =1) and its 4th harmonic at 1 nm (𝒍 = 4). Insets represent a lowered contrast magnification of the 
equatorial area to avoid scattering signals and visualize the 8 nm layer line. C. Equatorial intensity profiles, 
describing the position of the Bessel functions maxima. The inset shows the calculated average JN function. D. 
Meridional intensity profiles, describing the positions of the 8 nm layer line, 4 nm layer line and its harmonics. 
The inset shows the best fit of 1 nm band experimental intensities to a Lorentzian normal distribution. E. 
Average inter-protofilament distances. F. Estimated frequency distribution of protofilament numbers for each 
experimental condition. The inset represents the calculated average protofilament numbers. G. Average 
microtubule radii H. Average axial spacing obtained from the position of the meridional 1nm layer line. 

Figure 34: Joint effects of BeF3
- + paclitaxel (GDP-BeF3

- + PTX, dark blue) and AlFx + paclitaxel 
(GDP-AlFx + PTX, dark red) on the microtubule lattice, compared to GDP (grey) and GDP-paclitaxel 
microtubules (GTP-T2 + PTX, brown). A. and B. Average images, indicating the presence of a 4 nm layer line 
(𝒍 =1) and its 4th harmonic at 1 nm (𝒍 = 4). Insets represent a lowered contrast magnification of the equatorial 
area to avoid scattering and visualize the 8 nm layer line. C. Equatorial intensity profiles, describing the 
position of the Bessel functions maxima. The inset shows the calculated average JN function. D. Meridional 
intensity profiles, describing the positions of the 8 nm layer line, 4 nm layer line and its harmonics. The inset 
shows the best fit of 1 nm band experimental intensities to a Lorentzian normal distribution. E. Average inter-
protofilament distances. F. Estimated frequency distribution of protofilament numbers for each experimental 
condition. The inset represents the calculated average protofilament numbers. G. Average microtubule radii H. 
Average axial spacing obtained from the position of the meridional 1nm layer line. 
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4.2.5. Effects of the axial lattice expansion on paclitaxel binding to microtubules. 

From my results, paclitaxel is only able to induce axial lattice expansion in the absence of 
the γ-phosphate and does not require the energy from GTP hydrolysis to produce this 
structural transition. Thus, the work involved in producing this structural change requires 
energy that might come from the free energy of binding of those ligands. Therefore, I 
worked on the hypothesis by which the binding affinity of paclitaxel to an already expanded 
lattice (GMPCPP microtubules) should be higher than for a compact lattice (GTP/GDP 
microtubules) since there would be no requirement of the part of the energy needed to 
expand the lattice. 

4.2.5.1. Effect of the lattice expansion on the binding equilibrium constant of 
flutax-2. 

In order to evaluate this, I employed flutax-2 (FTX2) (Figure 35), a fluorescent probe 
developed in the group for measuring the equilibrium binding constant of ligands of the 
taxane binding site (Diaz and Buey, 2007). FTX2 consists on a paclitaxel molecule 7-O 
substituted by a difluoro-fluorescein ring, which fluorescence intensity does not change 
upon tubulin binding. Thus, FTX2 is an optimal ligand for titration experiments based on 
fluorescence anisotropy changes. 

 

Figure 35: Chemical structure of flutax-2 (FTX2) 

 

The main problem with this probe is that it is a high-affinity ligand (≈ 107 M-1 at 37 º C) 
(Diaz et al., 2000), meaning that for measuring its binding equilibrium constant to 
microtubules, the concentration of these must be in the nM range, whereas tubulin critical 
concentration is around 3 µM. To solve this problem, I used glutaraldehyde cross-linked 
microtubules. Glutaraldehyde mild cross-linking consists on an unspecific chemical 
stabilization that makes microtubules stable against dilution, cold or the effect of MDAs, 
while keeping the properties of the taxane binding site. Thus, cross-linked microtubules 
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are ideal for titration experiments at different temperatures (Andreu and Barasoain, 2001, 
Diaz et al., 2000).  

In order to approach the differences on the binding constant of FTX2 to expanded versus 
compact lattices, I prepared GMPCPP cross-linked microtubules (GMPCPP-MTX) and 
GDP cross-linked microtubules (GDP-MTX). Since GMPCPP has a tubulin binding affinity 
103 – 104 – times lower than GDP (Caplow et al., 1994), I first checked if the designed 
GMPCPP-MTX preparation protocol yielded an acceptable GMPCPP substitution. This is 
critical to ensure the presence of an expanded lattice for binding constant measurements. 
To this end, I prepared three different sets of GMPCPP-MTX and determined their 
nucleotide composition by ion pair HPLC. I found that these microtubules contained an 
80 % of a mixture of GMPCPP/GMPCP and a 20 % of GDP (Table 2). Since in section 
4.1.4.3 I showed that both GMPCPP and GMPCP microtubules display a similarly 
expanded microtubule lattice, I consider that GMPCPP-MTX mainly contain an axial 
expanded lattice. 

 

 GDP-MTX GMPCPP-MTX 

GDP 0.5 ± 0.01 0.11 ± 0.01 

GTP 0.5 ± 0.01 0.49 ± 0.04 

GMPCP - 0.07 ± 0.01 

GMPCPP - 0.33 ± 0.04 

 

Table 2:  Relative nucleotide composition of GDP- and GMPCPP-MTX 

 

I performed titration experiments on 50 nM FTX2 with either GDP-MTX or GMPCPP-MTX 
and the least-squares fitting of the data to isothermal saturation curves show no 
significative difference in the binding constants after applying a paired Student´s t-test at 
each temperature (p > 0.5) (Figure 36, Table 3). The Arrhenius analysis of binding 
constants at different temperatures employing Van´t Hoff plots (Figure 37) indicates a 
lineal relationship of Kb with temperature, exhibiting no-heat capacity change upon binding 
as previously described for paclitaxel (Diaz et al., 1993). Furthermore, plots showed 
almost identical positive slopes, indicating equivalent binding enthalpies: -65.98 ± 0.15 
kJ/mol for GDP-MTX and -64.07 ± 0.52 kJ/mol for GMPCPP-MTX. Therefore, lattice 
expansion has no apparent effect on the equilibrium binding constant of FTX2. 
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Kb (x 107 M-1) 

Avg ± Stderr 
GDP-MTX GMPCPP - MTX 

26 ºC 9.24 ± 0.75 6.10 ± 0.43 

27 ºC 8.31 ± 0.53 4.97 ± 0.32 

30 ºC 5.94 ± 0.25 4.14 ± 0.14 

32 ºC 5.05 ± 0.26 3.22 ± 0.20 

35 ºC 3.86 ± 0.21 2.59 ± 0.23 

37 ºC 3.20 ± 0.26 2.12 ± 0.26 

40 ºC 2.62 ± 0.22 1.90 ± 0.27 

42 ºC 2.07 ± 0.18 1.70 ± 0.26 

 

Table 3:  Equilibrium binding constants (Kb) of FTX2 for GDP- and GMPCPP-MTX  

Figure 36:  Equilibrium binding constants (Kb) of FTX2 for cross-linked microtubules (MTX). Titration of 50 nM 
FTX2 with growing concentrations of A. GDP-MTX and B. GMPCPP-MTX. Figures indicate the experimental 
plots and their binding isotherms, calculated from lest-squares iterative regression to a one-site saturation 
binding model. The assayed temperatures were: 26 ºC (black circles, black lines);  27  ºC (white circles, red 
lines); 30 ºC (black triangles, green lines); 32 ºC (white triangles, blue lines), 35 ºC (black squares, purple 
lines), 37 ºC (white squares, blue lines), 40 ºC (black diamonds, orange curves), 42 ºC (white diamonds, brown 
curves). 



  Results 
 

121 
 

 

 

4.2.5.2. Kinetics of FTX2 binding to axially expanded and compact lattices. 

In order to describe the contribution of the axial lattice expansion on FTX2 binding kinetics, 
I used TIRF microscopy during my stay at Prof. Anna Akhmanova laboratory in Utrecht 
University (Utrecht, The Netherlands). This technique allows the determination of the 
apparent kinetic binding (k+1, app) and dissociation (k-1, app) constants of a fluorescent probe 
through the analysis of the binding and the release of this to fluorescence labeled 
microtubules over time.  

To this end, I determined the kinetic parameters of the interaction of FTX2 with expanded 
microtubules (GMPCPP-stabilized) and compact microtubules (GDP microtubules 
stabilized with laulimalide). Laulimalide is a non-TSB stabilizing agent, so it is able to 
prevent GDP microtubules depolymerization with no effect on the conformation of the 
taxane binding site (Field et al., 2018, Prota et al., 2014). Furthermore, I verified that 
laulimalide binding did not modify the GDP microtubule compact lattice (Appendix table 4). 
For an optimal visualization of the microtubule lattice, I employed microtubule seeds 
(which are shortened microtubules) contained in a flow chamber equilibrated at 37 ºC.  

Flushing 200 nM FTX2 in the chamber allowed the recording of the fluorescence of 
microtubule saturation with FTX2, which I employed for the calculation of k+1, app after 
kymograph analysis. The subsequent flush of high concentrations of Chitax-40, a 
non-fluorescent taxane with a higher binding constant than FTX2 (Matesanz et al., 2008) 
induced the FTX2 release from the taxane binding site. The recorded fluorescent decay 
allowed the determination of the k-1, app. I found that k+1, app was about 2.7 times higher for 
GMPCPP than for GDP-laulimalide seeds, while the k-1, app was only 1.5 times higher. From 
those kinetic constants, the calculated kb, app is 2 times higher for the expanded lattice 
(Figure 37, Table 4). Hence, according to these experiments, the taxane binding site is 
more accessible for microtubules in an expanded lattice conformation. 

Figure 37:  Arrhenius plot of FTX2 equilibrium binding constants (Kb) at the assayed temperatures (indexed 
on Table 3) for GDP-MTX (black circles, black line) and GMPCPP-MTX (red circles, red line). 
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 GDP-Laulimalide seeds GMPCPP seeds 

𝑲 𝟏 (𝒂𝒑𝒑)[𝑭𝑻𝑿𝟐]𝟎 (s-1) 0.030 ± 0.005 0.082±0.006 

𝑲 𝟏 (𝒂𝒑𝒑) (x105 s-1 M-1) 1.500 ± 0.250 4.100 ± 0.300 

𝑲 𝟏 (𝒂𝒑𝒑) (s-1) 0.025 ± 0.001 0.036 ± 0.001 

𝑲𝒃 (app) (x106 M-1) 6.000 ± 1.000 11.400 ±0.800 

 

Table 4:  Apparent binding (K+1, app) and release (K-1, app) kinetic constants, of FTX2 for GDP and GMPCPP 
microtubules, with their estimated apparent binding constants (Kb, app).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Kinetic apparent binding (K+1, app) and unbinding (K-1, app) constants of FTX2 for GDP-laulimalide 
(GDP-Lau-MT) and GMPCPP (GMPCPP-MT) microtubules. A. and B. Microtubule seed saturation with FTX2. 
Rhodamine (left) and fluorescein (right) emission channels of GMPCPP and GDP-Laulimalide seeds, 
respectively.  The scale bars represent 30 s. C. Average experimental molar saturation fractions obtained from 
saturation images. Plots represent average ± stderr. D. Most probable fit of experimental data to a 
monoexponential rise to maximum model. E. and F. Chitax-40 displacement of FTX2. Rhodamine (left) and 
fluorescein (right) emission channels of GMPCPP and GDP-Laulimalide seeds, respectively. Scale bar is 30 s. 
G. Average experimental molar saturation fractions obtained from displacement images. Plots represent 
average ± stderr. H. Most probable fit of experimental data to a monoexponential decay model 
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4.2.6. Effects of flutax-2 on the microtubule lattice. 

Paclitaxel induces microtubule axial lattice expansion and hence, the initial hypothesis 
pointed to a higher binding affinity of FTX2 to expanded lattices. However, I found a 
conflict between the binding constant for MTX measured by anisotropy and the apparent 
binding constant obtained by fluorescence.  In addition, I have performed these 
measurements with FTX2, a paclitaxel derivative that carries a huge moiety at C7. In order 
to determine any possible effect of the difluoro-fluorescein moiety on the microtubule 
lattice, I employed shear-flow X-ray fiber diffraction to compare the effects of FTX2 and 
paclitaxel on GDP and GMPCPP microtubules (Figure 38, Appendix table 4).    

The center-meridional intensity profile analysis showed the presence of the layer lines at 
4 nm and 8 nm. However, the analysis of the 1nm layer line (Figure 38D, 38H) indicates 
that both GDP and GMPCPP microtubules in the presence of FTX2 displayed a rise of 
4.05 nm, which was comparable to that of GDP microtubules (~ 4.06 nm) and far from that 
described in expanded lattices (~ 4.18 nm). Therefore, in the presence of FTX2 these 
microtubules showed an axial compact lattice. Concerning the equatorial microtubule 
intensity profile, I found that FTX2 induced the formation of wider GDP and GMPCPP 
microtubules (13.17 nm and 13.35 nm, respectively. Figure 38G) than those observed in 
the presence of paclitaxel. In fact, the increase on the microtubule width is likely related to 
a higher number of protofilaments within the subpopulations (the average protofilament 
number is 14.77 and 14.87, respectively, Figure 38F). Meanwhile, the inter-protofilament 
distances remained unaltered (5.56 and 5.59 nm, respectively. Figure 38E). 

In summary, FTX2 actively induces lattice axial compaction of the microtubule lattice, 
reverting the effects of GMPCPP and so, the structural effect of paclitaxel and FTX2 on the 
microtubule lattice are opposite on the axial and lateral ways. Therefore, the 
7-O difluoro-fluorescein moiety dramatically affects the microtubule structure. 

 

 

 

 

 

Figure 39: Effects of FTX2 on GDP (light green) and GMPCPP (dark green) microtubules, compared to GDP 
(grey) and GDP-Paclitaxel (GTP-T2 + PTX, brown) microtubules. A. and B. Average images GDP-FTX2 and 
GMPCPP-FTX2 microtubules, indicating the presence of a 4 nm layer line (𝒍 =1) and its 4th harmonic at 1 nm 
(𝒍 = 4). Insets represent a lowered contrast magnification of the equatorial area to avoid scattering signals and 
visualize the 8 nm layer line. C. Equatorial intensity profiles, describing the position of the Bessel functions 
maxima. The inset shows the calculated average JN function. D. Meridional intensity profiles, describing the 
positions of the 8 nm layer line, 4 nm layer line and its harmonics. The inset shows the best fit of 1 nm band 
experimental intensities to a Lorentzian normal distribution. E. Average inter-protofilament distances. F. 
Estimated frequency distribution of protofilament numbers for each experimental condition. The inset 
represents the calculated average protofilament numbers. G. Average microtubule radii H. Average axial 
spacing obtained from the position of the meridional 1nm layer line. 
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5 

Discussion 

 
The differential properties between the cap and the GDP-core of microtubules are 
essential for their dynamic behavior and subsequently for their function. The use of 
inorganic phosphate analogs, based on beryllium and aluminum fluorides (BeF3

- and AlFx) 
to create structural and biochemical models of the GTP and GDP-Pi states of the cap have 
provided new insights on the role of the γ-phosphate on microtubule polymerization and its 
structural stability. Moreover, these tools allowed us to study the interplay between two 
known tubulin binding sites involved in tubulin activation upon assembly: the nucleotide 
E-site and the taxane binding site. The contextualization of the results presented in this 
thesis with recent advances in the field of microtubule structure, dynamics and 
pharmacology allowed proposing a new view of the microtubule cap structure and to broad 
the knowledge about the molecular mechanism of paclitaxel.   

5.1 Role of the γ-phosphate on the curved to straight transition of tubulin. 

The relationship between the tubulin nucleotide state (GDP vs. GTP) and the 
conformational transition of the protein during its assembly (unassembled-curved vs. 
assembled-straight) is essential on the regulation of microtubule dynamics. GTP-tubulin is 
the active state (prone to polymerize), so it finds the curved to straight transition facilitated, 
compared to GDP-tubulin. Therefore, the γ-phosphate should play an essential role on this 
transition, but the underlying mechanism is a matter of debate. Currently, there are two 
proposed model mechanisms of tubulin straightening upon assembly: i) the allosteric 
model, which considers that the nucleotide state of tubulin in solution controls the tubulin 
dimer conformation. Thus, the GTP γ-phosphate induces the straightening of tubulin 
(Nogales and Wang, 2006) and ii) the lattice model, which proposes that GTP tubulin in 
solution is in curved conformation likewise GDP tubulin. Hence, the role of γ-phosphate is 
that of facilitating the addition of tubulin to the microtubule end, so the curved to straight 
transition occurs upon microtubule polymerization, during the formation of lateral 
inter-protofilament contacts (Buey et al., 2006). Thereby, the allosteric model suggests that 
the curved to straight transition of the tubulin dimer is the cause of tubulin polymerization, 
whereas the lattice model proposes that tubulin straightening is its consequence.  

Results showing intermediate curved structures at the growing microtubule end, such as 
open curved sheets (Chretien et al., 1995) and the reduction by 7 º of the intra-dimer kink 
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angle of GTP tubulin (modeled with GMPCPP) compared with GDP-tubulin (Wang and 
Nogales, 2005) support the allosteric model. On the other hand, SAXS experiments to 
determine tubulin conformation in solution showed no changes on protein overall curvature 
depending on the presence of GTP or GDP (Rice et al., 2008). Furthermore, recent 
observations showing flared protofilaments on the microtubule plus end instead of partially 
straightened structures (McIntosh et al., 2018) support the lattice model.  

More than 3 decades ago, Marie-France Carlier showed that BeF3
- could stabilize 

microtubules (Carlier et al., 1988), but I have demonstrated that it acts as the GTP 
γ-phosphate analog, because it binds to the correct nucleotide E-site pocket, promotes the 
polymerization of GDP tubulin through the induction of a “flip out” conformation of the T5 
loop (Nawrotek et al., 2011) and contributes to the stabilization of GDP-microtubules. 
However, GDP tubulin required higher concentrations of this fluoride analog to induce 
polymerization than to stabilize GDP microtubules and thus, the affinity of the γ-phosphate 
for curved GDP-tubulin (in the mM order) is lower than for the straight GDP-lattice (in the 
µM order). Since I estimated that BeF3

- binds about 1000 times stronger to the straight 
than to the curved conformation (Results, Section 4.1) , it is then possible to rationalize the 
thermodynamics behind the γ-phosphate on tubulin straightening, considering the 
following expression (Equation 25): 

 

 𝛥𝐺 =  −𝑅𝑇 𝑙𝑛 𝐾  [25] 

 

where R is the ideal gas constant (8.31 J⋅K−1⋅mol−1) and T is the absolute temperature. 
BeF3

- would contribute with a ΔΔG at 37 ºC of 17.8 KJ / mol to the unfavorable curved to 
straight transition in the microtubule and hence, the presence of the γ-phosphate likely 
facilitates the curved to straight transition. However, we should consider that this 
contribution is not enough to achieve microtubule polymerization as the dimer requires 
additional interactions with surrounding subunits to achieve the fully straightening. In fact, 
the whole polymerization process requires a ΔG of about 30 KJ / mol (Diaz and Andreu, 
1993).  

This observation agrees with recent advances in computational biology that are 
challenging the classical two-state view of curved and straight tubulin. Molecular dynamics 
experiments on the canonical tubulin curved conformation (containing a 12 º kink between 
subunits) suggested that tubulin in solution might exist in multiple intermediate 
straightened conformations (Grafmuller and Voth, 2011). Even more, tubulin in solution is 
in a partially straightened conformation that differs in about 4.2 KJ / mol from the canonical 
curved tubulin conformation (Peng et al., 2014). In fact, a recent work has proposed that 
the allosteric and lattice mechanism are not mutually exclusive and that tubulin 
straightening occurs through mixed allosterically-facilitated lattice mechanism (Igaev and 
Grubmuller, 2018). This new model suggested that GTP tubulin is likewise in a curved 
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conformation but is able to explore a broader range of curvatures, adopting straighter 
conformations than GDP-tubulin.  

Accordingly, the GTP γ-phosphate may have a double role by promoting tubulin addition to 
the growing microtubule end (i.e. facilitating longitudinal interactions through the ‘flip-out’ 
conformation of the T5 loop) and by facilitating the straightening of tubulin. Therefore, the 
estimated difference in binding affinity of γ-phosphate between curved and straight tubulin 
(17.8 KJ / mol) may not explain the whole polymerization process, but could function as a 
thermodynamic motor to stabilize some intermediate straightened tubulin conformations. 
Unfortunately, the tubulin crystallization system used for high-resolution structural studies 
contains RB3. This co-crystalizing protein restrains the intra-dimer kink angles, as stathmin 
acts as a backbone for the tubulin tetramer, preventing tubulin flexible movements 
(Materials and methods, Figure 14). Thus, from the crystal structure solved it is impossible 
to determine changes on the bending angles between tubulin subunits due to BeF3

- 

binding. 

5.2. Effects of γ-phosphate on the microtubule lattice. Updated model of the 
microtubule cap. 

The microtubule cap is a heterogeneous structure that results from the delay between the 
GTP-tubulin incorporation at the growing microtubule tip and the hydrolysis of its GTP 
molecule. This structure prevents microtubule depolymerization through an unknown 
mechanism and acts as a target for many regulatory MAPs, playing a fundamental role in 
the regulation of microtubule dynamics.  

Using BeF3
- and AlFx as γ-phosphate analogs, I built models of the GTP- and GDP-Pi 

states of the microtubules that differed from those previously proposed, as I observed no 
expansion of the microtubule lattice (Results, Section 4.1.3.2, Figure 25). The GTP state 
has been traditionally modeled from the GTP analog GMPCPP (Alushin et al., 2014, 
Manka and Moores, 2018, Zhang et al., 2015). However, I have found that the axial lattice 
expansion induced by this analog is an artifact of the methylene group (instead of oxygen) 
between alpha and beta phosphates (Results, Section 4.1.4.3). Hence, I propose a 
“fully-compact” microtubule cap model, in which the cap maturation process consists 
exclusively in changes in the lateral inter-protofilament interfaces, marked by chemical 
changes in the tubulin E-site (Figure 40). 

The microtubule cap model presented in this thesis and published in eLife journal 
(Estevez-Gallego et al., 2020) allowed inferring the microtubule cap transition to the GDP 
core (known as cap maturation) from the differences found on microtubule models of 
GTP-, GDP-Pi- and GDP-bound states. In this model, the GTP tubulin at the growing 
microtubule end closes into a compact and left-handed skewed microtubule lattice. The 
GTPase activity of the fully-straightened tubulin drives the transition of the GTP cap to the 
GDP core through a cap maturation process, which occurs through at least one 
intermediate state (GDP-Pi). GTP-like microtubules (GDP-BeF3

-) showed increased 
average inter-protofilament distance and inter-protofilament axial subunit rise. The GTP 
hydrolysis results in the formation of an intermediate GDP-Pi (GDP-AlFx) state that mainly 
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differs from the GTP-like microtubule lattice on the reduction of the average 
inter-protofilament distance, which represents an increase on the inter-protofilament 
contact surface that compensates the loss of stability due to GTP hydrolysis. The Pi 
release causes the distancing of protofilaments that reduces the lateral inter-protofilament 
contact surface and thus, the number of lateral interactions between GDP-tubulin subunits, 
which are not strong enough to prevent the transition back to the curved conformation. 

 

 

 

Figure 40: New microtubule cap model proposed from the study of the biochemical and structural effects of 
γ-phosphate on unassembled tubulin and on microtubules. The microtubule cap shows a compact 
conformation and the GTP hydrolysis involves a modification of the lateral inter-protofilament contacts. This 
compromises the microtubule lattice stability and turns a left-handed GTP cap into a straight GDP core lattice, 
which will eventually depolymerize. 
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5.3 The hypothetical GDP-tubulin expanded state of the microtubule cap. 

The above proposed microtubule cap model showed no changes in the axial inter-dimer 
length, suggesting that the previously described expanded GTP microtubule lattice is an 
artifact that arises from the effect of the α,β-methylene group present in the GMPCP and 
GMPCPP. Nonetheless, there is strong evidence in literature supporting the presence of at 
least one expanded lattice intermediate over the lattice maturation process.  

First, microtubules from the yeast Saccharomyces cerevisiae (Howes et al., 2018, Howes 
et al., 2017) and the nematode Caenorhabditis elegans (Chaaban et al., 2018) displayed 
axial expanded lattices, despite the high sequence conservation with calf or porcine 
tubulins. The nucleotide state of yeast microtubules was inconclusive, but authors 
speculated that an altered geometry of the E-site might result on a different conformational 
response to the phosphate release, producing the observed structural differences. 
Thereby, these results support that the expanded lattice is not exclusively an artifact of 
synthetic nucleotides and it can occur in cell microtubules, bound to natural nucleotides. 

Second, the binding dynamics and microtubule recognition patterns of EBs are sensitive to 
the tubulin nucleotide-bound state. EBs are plus-end MAPs that preferentially recognize 
the GTP bound state of tubulin (Roostalu et al., 2020) but does not recognize the 
expanded lattice conformation modeled from GMPCPP microtubules (Maurer et al., 2012, 
Maurer et al., 2011). EBs form comet-shaped accumulations, because their binding decay 
exponentially as the distance increases from the tip (Seetapun et al., 2012, Bieling et 
al., 2007). However, since EBs bind the growing microtubule ends only with a 10-fold 
higher affinity compared to the GDP core (Maurer 2011) there might be a low affinity EB 
area between the cap and the GDP core regions on the microtubule lattice, producing a 
sudden binding decay of EBs. Given that EBs are not able to bind expanded GMPCPP 
microtubules, this hypothetical area likely displays an expanded lattice conformation, 
explaining the sudden EB release from the microtubule cap.  

Lastly, our recent work in collaboration with Anna Akhmanova has proved the existence of 
a microtubule area close to the plus end (and thus, associated to the microtubule cap) that  
triggers the cooperative accumulation of the fluorescent taxane Fchitax3 (FCX3) (Rai et 
al., 2020). These accumulation areas are placed directly under the comet formed by EB3 
binding and constitute stable rescue points. These results are not an artifact of fluorescent 
taxanes, because accumulation areas also appear in presence of paclitaxel (Mohan et al., 
2013). Interestingly, FCX3 accumulation at these stable rescue sites is comparable to that 
observed in GMPCPP microtubules, suggesting that they likely show a similar 
conformation and thus, an axial expanded lattice. Unfortunately, it is difficult to employ 
cryo-EM to obtain a direct structural evidence of an expanded conformation in such a 
narrow region within the lattice. Furthermore, this region could only involve a few tubulin 
dimers randomly distributed.  

To understand which of the nucleotide bound states at the microtubule cap could engage 
an axial lattice expansion, fiber diffraction experiments allowed to get accurate 
measurements on axial and lateral distribution of paclitaxel-bound microtubules and 
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showed that: i) paclitaxel binds to BeF3
- and AlFx stabilized microtubules but does not 

induce their axial expansion (Results, Section 4.2.4, Figure 33) and, ii) this drug induces 
the axial expansion of GDP-microtubules with no requirement of a GTP state or its 
hydrolysis (Results, Section 4.2.4, Figure 34). Hence, this lattice conformational change 
might be associated to the absence of the γ-phosphate, that is, the GDP-bound state. 
Lattice expansion very likely would require energy consumption. GTP hydrolysis releases 
a high amount of energy that is presumably stored within the microtubule lattice (Desai 
and Mitchinson, 1997) and, only about the 25 % of the total is involved in microtubule 
disassembly (Driver et al., 2017). Therefore, it would be feasible that part of the energy 
from GTP hydrolysis could be used to produce this lattice expansion. 

The alternative cap model presented in this thesis (Figure 41) proposes that there is a 
transient lattice expansion at the microtubule cap, which is related to the release of Pi after 
GTP hydrolysis. The binding affinity of inorganic phosphate for the GDP microtubule lattice 
is very low (Carlier et al., 1988), probably due to the existence of a steric hindrance for a 
negatively charged Pi to go through the microtubule wall. Accordingly, I propose that lattice 
expansion may facilitate the transit of small inorganic molecules and contributes to control 
cap maturation. From a thermodynamic point of view, this transient state would represent 
a no-return point because the energy required for reverting the process is higher than the 
remaining energy stored within the lattice. The existence of GDP-Pi tubulin molecules in 
the cap is due to the rate constant of GTP hydrolysis, which is about 3-fold faster than the 
rate of Pi release (Melki et al., 1990). Hence, the facilitation of the Pi release favors the 
cap maturation process and ultimately, drives the dynamic instability mechanism.  
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Figure 41: Alternative microtubule cap model, suggested from the results obtained in this thesis and the 
experimental evidence present in literature. The compact GTP and GDP-Pi microtubule cap results in a 
transitional GDP state that displays an axial expanded conformation. This region of the microtubule cap is 
likely involved in the Pi release after hydrolysis and constitutes a taxane accumulation area. 

 

5.4 The expanded microtubule lattice conformation drives taxane 
accumulation close to the microtubule tip. 

Paclitaxel and GMPCPP induce axial lattice expansion on microtubules, so it was simple 
to relate the molecular mechanism of paclitaxel to the induction of a stable GTP-like 
microtubule lattice. However, the work performed in this thesis using γ-phosphate analogs 
shows that the GTP-bound microtubules display a lattice in a compact conformation, which 
compromises the related stabilizing mechanism of paclitaxel and the GTP-bound state. 
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However, I have demonstrated the existence of interplay between the E-site and the 
taxane binding site and hence, the molecular mechanism of paclitaxel might be tightly 
related to the nucleotide-bound state of tubulin subunits within the lattice.  

Paclitaxel induces lattice expansion and thus, the starting hypothesis was that the 
expanded lattice (i.e. GMPCPP microtubules) should display higher binding affinity and 
faster binding kinetics for a fluorescent paclitaxel (FTX2) than a compact lattice (i.e. GDP 
or GDP-laulimalide-bound microtubules). This is because it is not necessary to spend part 
of the free energy of the drug binding to exert axial expansion. The following general 
reaction scheme represents this theoretical assumption (Figure 42):  

 

 

Figure 42: General reaction scheme for the axial expansion of the microtubule lattice mediated by paclitaxel. 

 

Where ΔG1 and ΔG2 are, respectively, the free energies of paclitaxel binding to a compact 
or an expanded microtubule lattice, while ΔG3 and ΔG4 are the free energies of lattice 
expansion in the paclitaxel unbound and bound microtubules. Considering unbound 
compact microtubules as the initial state and the paclitaxel-bound expanded microtubules 
as the final state of the overall process, there are two possible thermodynamic pathways: i) 
the unbound microtubule expansion (ΔG3) followed by paclitaxel binding (ΔG2) or, ii) 
paclitaxel binding to a compact lattice (ΔG1), and expansion of the drug bound microtubule 
(ΔG4). Given that both pathways involve the same initial and final states, the free-energy of 
the overall process is the same, no matter the pathway followed and thus (Equation 26): 
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 𝛥𝐺  +  𝛥𝐺  =  𝛥𝐺  +  𝛥𝐺  [26] 

 

Since paclitaxel binding induces lattice expansion, then the expanded lattice is favored in 
presence of paclitaxel (ΔG3 > ΔG4). In order to fulfill equation 26, paclitaxel binding energy 
to an expanded lattice should be lower than to a compact lattice (ΔG1 > ΔG2) and 
according to Equation 25, the binding affinity of paclitaxel for a compact lattice (Kb1) should 
be lower than for an expanded lattice (Kb2). Contrary, I found that FTX2 binding affinity was 
very similar for GMPCPP- and GDP-bound cross-linked microtubules (GMPCPP-MTX and 
GDP-MTX) (Results, Section 4.2.5.1). Nevertheless, the probe binding kinetics was faster 
to expanded microtubule lattices than to the compact one, while the release remained 
similar (Results, Section 4.2.5.2). Thus, kinetic experiments suggest that FTX2 binding 
affinity is higher for expanded GMPCPP-MTX. 

This discrepancy between binding affinity and kinetics could be explained considering the 
accessibility of the taxane binding site. This site is located in the luminal area of the 
microtubule, and the probe displays a two-step binding mechanism to microtubules: a first 
fast step that involves its binding to the type I pores (detectable by FTX2 fluorescence 
intensity changes) and a second rate-limiting step that entails the transition of the probe to 
the taxane binding site (detectable by anisotropy changes). However, kinetic 
measurements (based on measuring fluorescence intensity changes in microscopy 
experiments) only detect the binding of the probe to type I pore and so, the kinetic 
constants and their subsequently calculated binding constants are only apparent (Diaz et 
al., 2000).  

Nonetheless, the lattice expansion favors the binding of the probe to the external type I 
pore site, so a transitionally post-hydrolysis expanded lattice could kinetically promote the 
taxane accumulation on the surface of the microtubule cap lattice. Microtubule lattice 
expansion involves changes in the topology of the microtubule that may facilitate diffusive 
processes through the wall of the filament. The alignment of undecorated GMPCPP-bound 
microtubules (PDB: 6DPU) and GDP-bound microtubules (PDB: 6DPV) shows that 
GMPCPP-bound microtubules exhibit a wider type I pore in comparison to GDP-bound 
microtubules (Figure 43). Considering that the transition of FTX2 occurs through a small 
non-flexible channel, the Fick-Jacobs model would explain entropic directed translocation 
dynamics (Bodrenko 2019), in which the size of the pore would strictly determine the 
differences on the translocation force through the pore. In order to estimate the size of the 
pore, I performed an automated tunnel calculation using CAVER 3.0 PyMOL plugin 
(Chovancova et al., 2012). The bottleneck radius of the tunnel calculated for the pore I was 
3.93 nm for GDP microtubules and 5.67 nm for GMPCPP microtubules. The ratio between 
the calculated bottleneck radii (1.45) is similar to the difference in Kb (app) (1.90) (Results, 
Section 4.2.5.2, Table 4), suggesting that the difference in the pore radius might drive the 
translocation forces of taxanes through the pore and hence, their kinetic parameters. 
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Figure 43: Comparison between the pore I structures of GDP microtubules (PDB: 6DPV, grey) and GMPCPP 
microtubules (PDB: 6DPU, orange). A. Surface representations of the microtubule pore I, indicating  α and β 
tubulin subunits of each protofilament. B.  Mesh representation of the superposition of the images above, 
aligned in the β2 subunit. Yellow arrows highlight the areas that probably shrink upon the axial lattice 
expansion, widening the microtubule pore diameter. C. and D. Representation of the tunnels (blue) calculated 
for GMPCPP and GDP microtubules employing CAVER 3.0 Pymol plugin (Chovancova et al,. 2012)- 
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On the other hand, the lack of changes on the equilibrium binding constant of FTX2 due to 
the lattice conformation could be explained in terms of energy, steric effects of the 
fluorescein molecule or the model used to perform binding affinity measurements 
(cross-linked microtubules). 

First option considers that the energy required to induce the axial expansion of the lattice 
is low enough and is not an energetic barrier for paclitaxel binding to the compact state. 
Following the general reaction scheme described above (Figure 42), ΔG3 would be close 
to ΔG4 and thus, according to Eq 26, ΔG1 ≈ ΔG2. However, the estimated energy 
difference on the transition from GMPCPP to GDP MTX is 8.4 KJ / mol (Manka and 
Moores, 2018), which is about one third of the total binding energy of paclitaxel, 
(26 KJ / mol) (Diaz et al., 1993). Therefore, axial lattice expansion should be enough to 
establish an energetic barrier to be detected in the experiments developed. 

Second option contemplates the results from fiber diffraction experiments indicating that 
the fluorescein moiety in the FTX2 molecule hinders the lattice expansive effects of the 
paclitaxel core (Results, Section 4.2.6, Figure 39). Moreover, FTX2 induces the lattice 
compaction of GMPCPP-bound microtubules. Thus, following the general reaction scheme 
(Figure 42) it should bind to a compact lattice with higher affinity than to an expanded 
lattice. However, the binding affinities of FTX2 to GDP-bound and GMPCPP-bound 
cross-linked microtubules are similar.   

Third option regards the putative limitation of the microtubule cross-linking model. 
Glutaraldehyde cross-linking modifies the biochemical properties of agglutinins (Lotan et 
al., 1973) and hemoglobin (Doyle et al., 1999), as well as the mechanical properties of 
collagen (Chandran et al., 2012, Forti et al., 2006). Therefore,  
it could be plausible that this chemical modification changes the structure of microtubules, 
limiting their conformational plasticity. Unfortunately, cross-linking prevented the alignment 
of GMPCPP-MTX, precluding X-ray fiber diffraction and their subsequent structural 
characterization. Assuming that glutaraldehyde cross-linking is modifying the expanded 
lattice of GMPCPP-bound microtubules, the characterization of the effect of lattice 
expansion on the taxane equilibrium binding is comprised. 

Despite the putative effects of glutaraldehyde on the structure of the microtubule lattice, 
the taxane binding site in GMPCPP-MTX is still accessible, as denoted by the 
thermodynamic study of FTX2 interaction. The Van´t Hoff analysis rendered a binding 
enthalpy (ΔHb) equivalent to that measured for GDP-MTX, meaning that there is no 
significative change on the interaction of the drug with the taxane binding site related to 
the presence of the -phosphate at the E-site (Results, Section 4.2.5.1, Figure 37). 
Otherwise, in curved tubulin the di or triphosphate nucleotide binding showed 
modifications depending on the taxane site occupation by zampanolide (Results, Section 
4.2.1, Figure 30) indicating a direct interplay between these binding sites. Hence, in 
straight tubulin the interplay between the taxane binding site and the E-site might not be 
direct between binding sites, but probably mediated by the effect of their ligands on the 
microtubule lattice. 
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5.5 Possible implications of the expanded microtubule lattice conformation in 
the antitumor pharmacology of paclitaxel 

Paclitaxel is up to date one of the most extensively employed drugs in cancer 
chemotherapy since its approval in 1993. However, the ultimate reason for its cellular 
effects remains elusive because its microtubule stabilizing effect does not fully explain how 
this drug exerts its cytotoxic effect in tumoral cells. The biochemical and structural 
approaches used in this thesis have contributed to define a new cap model and to get 
insight into the paclitaxel molecular mechanism will be useful to shed light on the cellular 
mechanism of action of this drug and give a plausible explanation for the major side effect 
of paclitaxel on cancer chemotherapy: peripheral neurotoxicity.  

The classically anti-mitotic effect based on the blockage of prometaphase is not consistent 
with the efficiency of paclitaxel considering the limited amounts of drug that actually reach 
the tumoral cells  and, the fact that the percentage of dividing cells in solid tumors is very 
low (Mitchison et al., 2017). However, paclitaxel induces microtubule lattice expansion and 
according to the new cap model presented, this conformational change is limited to few 
tubulin molecules within the cap. Therefore, paclitaxel spreads a minority structural signal, 
the expanded intermediate state, along the whole microtubule. Since structural signals are 
the basis of MAPS-microtubule recognition (Bodakuntla et al., 2019), changes in the 
microtubule lattice signaling will seriously affect the binding of regulatory MAPs. Therefore, 
paclitaxel would act as a disruptor of not only of the microtubule dynamics but also of 
natural recognition patterns affecting to dynamics regulators (tau, EBs), motor proteins 
(dyneins and kinesins), etc.  

For instance, TPX2 is part of the chromatin-driven microtubule assembly pathway and 
functions as a regulatory MAP that recognizes the growing microtubule end (Roostalu et 
al., 2015) binding with high affinity to expanded microtubule lattices (Zhang et al., 2017). 
TPX2 is a component of the mitotic spindle that is involved in the spindle assembly 
mediated by a Ran-GTP pathway (Kufer et al., 2003) and, the deregulation of its 
expression levels perturbs the spindle organization, leading to genomic instability 
(Aguirre-Portoles et al., 2012). TPX2 activation occurs upon its release from the importin 
protein and mediates the Aurora A kinase (AURKA) activation at the mitotic spindle, which 
is involved in the proper spindle assembly and in the correct centrosome function (Garrido 
and Vernos, 2016, Bayliss et al., 2003), so its deregulation promotes tumorigenesis and is 
also associated with the presence of severe inflammatory responses (Ding et al., 2015, 
Katsha et al., 2013). Build from the results obtained in this thesis a very plausible 
explanation for paclitaxel effect is as follows. When paclitaxel reaches solid tumors there is 
a propagation of the structural expanded signal, which likely will not cover the whole 
microtubule length because the amounts of drug that reach the solid tumor is low. 
However, the increase of expansion signaling on microtubules might establish a 
“tug-of-war” between importin and the microtubule lattice for TPX2. Consequently, some of 
the TPX2 would release from importin, producing an over-activation of AURKA, disrupting 
the normal mitotic spindle structure. This situation resembles the scenario of the previously 
proposed inflammatory micronucleation mechanism, as the mitotic spindle disruption 
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causes the formation of micronucleated cells that would activate pro-inflammatory 
pathways that lead to a whole tumor regression (Mitchison et al., 2017). 

 

 

Figure 43: Scheme of the hypothetical mechanism of TPX2 activation mediated by paclitaxel. 

 

Furthermore, the main side effect of paclitaxel is peripheral neuropathy, which is a disorder 
that occurs due to the damage or destruction of peripheral nerves (Park et al., 2011). The 
severity of this disorder range from the loss of sensory function and mild paresthesias to 
severe ataxia and neuropathic pain, which limits the chemotherapy treatments based on 
successive cycles and so, cumulative administration of paclitaxel (Scripture et al., 2006). 
The molecular mechanism of this neurotoxic effect is elusive because it cannot be 
correlated with an antimitotic effect on neurons, as these cells do not divide. There are 
many hypotheses that involve microtubule damage, changes on tubulin post-translational 
modifications (PTMs) or disruption of the interaction with regulatory MAPs (Gornstein and 
Schwarz, 2014). In the background of this thesis, a new and plausible explanation is the 
disruption of the movement of motor proteins (dyneins and kinesins) that are key players 
on the transport of organelles and chemicals along neurites and axons using microtubules 
as cellular roads. These proteins carry different cargoes from the synapse to the soma 
(dyneins) or the other way around (kinesin) using an 8 nm step size (i.e. the length of a 
tubulin subunit) through specific contacts with α and β tubulin. Thereby, lattice expansion 
necessarily modifies the step size, which likely comprises the movement of these proteins 
and the normal neural function, thus eventually generating the neurotoxic effect upon 
continued treatment with paclitaxel. 
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Conclusions 

 
From the first general objective proposed, the conclusions obtained in this thesis are: 

1. BeF3
- and AlFx act respectively as analogs of the GTP and GDP-Pi γ-phosphate. 

These fluorides stabilize the βT5 loop in a GTP-like conformation, promoting 
protofilament elongation.  
 

2. The effects of BeF3
- and AlFx on the microtubule structure suggest that the 

γ-phosphate does not induce an axial expansion. 
 

3. The axial expanded lattice conformation observed in GMPCPP microtubules is not 
related to its γ-phosphate. 

From the second general objective proposed, the conclusions obtained in this thesis are: 

4. In curved unassembled tubulin, the occupancy of the taxane binding site reduces 
the γ-phosphate affinity for the nucleotide E-site, indicating interplay between both 
binding sites. 
 

5. GMPCPP and paclitaxel show a synergic effect on microtubule elongation, 
indicating interplay between both sites in straight tubulin.  
 

6. Paclitaxel induce lattice expansion of GDP tubulin, whereas the presence of 
γ-phosphate (BeF3

- and AlFx) counteracts this structural effect. 
 

7. Flutax-2 shows faster binding kinetics for expanded microtubules because of a 
widening of the type I pore site. 

Taken together all the results obtained in this thesis with the most recent advances in the 
fields of microtubule dynamics and pharmacology, the final conclusion of this work is: 

8. The microtubule cap displays a transitional GDP expanded lattice that behaves as 
a taxane accumulation area and is involved in the release of γ-phosphate after 
GTP hydrolysis. 
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Conclusiones 

 
Del primer objetivo general propuesto, las conclusiones obtenidas en esta tesis son: 

1. BeF3
- y AlFx actúan respectivamente como análogos del γ-fosfato de GTP y 

GDP-Pi. Estos fluoruros estabilizan el bucle βT5 en una conformación similar a la 
de tubulina GTP, promoviendo la elongación de los protofilamentos. 
 

2. Los efectos de BeF3
- y AlFx en la estructura del microtúbulo sugieren que el 

γ-fosfato no induce una expansión axial. 
 

3. La conformación expandida observada en los microtúbulos GMPCPP no está 
relacionada con su γ-fosfato. 

Del segundo objetivo general propuesto, las conclusiones obtenidas en esta tesis son: 

4. En tubulina curva no ensamblada, la ocupación del sitio de unión de taxano reduce 
la afinidad del γ-fosfato por el sitio E del nucleótido, lo que indica la interacción 
entre ambos sitios de unión. 
 

5. GMPCPP y paclitaxel muestran un efecto sinérgico en la elongación del 
microtúbulo, lo que indica la interacción entre ambos sitios en tubulina recta.  
 

6. Paclitaxel induce la expansión del microtúbulo GDP, mientras que la presencia de 
γ-fosfato (BeF3

- and AlFx) contrarresta este efecto estructural. 
 

7. Flutax-2 muestra una cinética de unión más rápida a microtúbulos expandidos, 
debido a un ensanchamiento del sitio del poro tipo I. 

Tomando en conjunto los resultados obtenidos en esta tesis junto con los avances más 
recientes en los campos de la dinámica y farmacología de microtúbulos, la conclusión final 
es: 

8. El extremo del microtúbulo muestra una estructura transicional GDP expandida 
que actúa como un punto de acumulación de taxanos y participa en la liberación 
del γ-fosfato tras la hidrólisis de GTP.  
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Appendix Table 1: X-ray crystallography data collection and refinement statistics. 

 

 

Native T2R-TTL-AlF3 

(PDB 6s9e) 

Native T2R-TTL-
BeF3

-  

(PDB 6gZe) 

T2R-TTL-GMPCP 

Data collection    

Space group P212121 P212121 P212121 

Cell dimensions    

a, b, c (Å) 104.999, 157.357, 
180.261 

104.176, 156.744, 
180.587 

104.821, 157.390, 
181.313 

, ,  (º) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

Resolution (Å) 48.003 - 2.250 49.458 - 2.490 49.693 – 2.230 

Rmerge 0.075 (1.222) 0.071 (1.159) 0.086 (0.965) 

Rpim 0.025 (0.417) 0.028 (0.473) 0.036 (0.407) 

I/I 16.5 (1.8) 7.1 (0.6) 11.3 (1.8) 

Completeness (%) 99.0 (99.0) 100 (100) 100 (100) 

Redundancy 9.6 (9.2) 7.1 (7.0) 6.3 (6.3) 

CChalf 0.979 (0.635) 0.999 (0.993) 0.996 (0.672) 

Refinement    

Resolution (Å) 48.003 - 2.25 49.458 - 2.49 49.693 – 2.230 

No. of reflections 140102 103915 146195 

Rwork/Rfree 0.2029/0.2278 0.2121/0.2565 0.1920/0.2300 

No. atoms 17701 16799 17412 

Protein 17279 16572 16929 

Ligand 223 175 209 

Water 199 52 274 

B-factors    

Protein 64.0 80.4 61.3 

Ligand 59.5 73.0 57.2 

Water 45.7 67.5 47.6 

Wilson B 48.90 64.70 46.8 

r.m.s deviation    

Bond lengths (Å) 0.002 0.003 0.005 

Bond angles (º) 0.526 0.557 0.868 

Ramachandran %    

Favor/allow/out 97.88/2.12/0.00 97.52/2.48/0.00 97.15/2.80/0.05 

 * Values in parentheses are 
for the highest-resolution shell 
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Appendix Table 2: PDBe PISA analysis of nucleotide hydrogen bonding at the E-site. 

 GTP 
(5xp3) 

CPP 
(3ryh) 

GDP 
(4i55) 

BeF3
- 

(6gze) 
AlF3 

(6s9e) 
GMPCP  

Base and 

ribose 

Q11 S140 N206 

N228 

S140 N228 Q15 N206 

N228 

N206 N228 N206 

N228 

N206 

N228 

Y224 

 

P Q11 C12 Q11 C12 S140 C12 C12 C12 C12  

P Q11 G144 T145 

G146 

Q11 T145 G146 Q11 G144 

T145 G146 

Q11 G144 

T145 G146 

Q11 

G144 

T145 

G146 

Q11 

G144 

T145 

G146 

 

P/ 

BeF3
-/ 

AlF3/ 

Pi/ 

A99 G100 N101 

G144 T145 

A99 G100 N101 

G144 T145 

- A99 G100 

N101 T145 

E71 

N101 

P 

-  

Mg2+  yes yes yes yes yes yes  
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Appendix Table 3: X-ray fiber diffraction analysis of the microtubule structure 
(Section 4.1). 

 GDP Pre-

assembly

GDP-

BeF3
- 

(GDP-T2 

+ BeF3
-) 

Post-

assembly

GDP-

BeF3
- 

(GTP-T2 

+ BeF3
-) 

Pre-

assembly 

GDP- 

AlFx 

(GDP-T2 

+ AlFx) 

Post-

assembly

GDP- 

AlFx
 - 

(GTP-T2 

+ AlFx) 

GMPCPP GMPPCP GMPCP 

Avg. radius 

(nm)  

11.42±0.10 11.21±0.25 11.16±0.10 11.25±0.84 11.18±0.12 11.63±0.10 11.62±0.59 11.75±0.53 

Avg. PF 

number 

12.91±0.10 12.29±0.20 12.23±0.10 13.43±1.12 13.35±0.13 13.29±0.08 13.03±0.91 13.55±0.45 

Avg. inter-

PF distance 

(nm) 

5.50±0.03 5.67±0.09 5.67±0.02 5.21±0.46 5.22±0.05 5.45±0.03 5.55±0.38 5.40±0.02 

Avg. 

monomer 

length (nm) 

4.06±0.01 4.07±0.01 4.07±0.01 4.05±0.05 4.05±0.01 4.18±0.01 4.06±0.01 4.17±0.01 

1nm band 

peak 

position 

(nm-1) 

6.19±0.01 6.17±0.01 6.17±0.01 6.20±0.05 6.20±0.01 6.02±0.01 6.20±0.01 6.03±0.01 
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Appendix Table 4: X-ray fiber diffraction analysis of the microtubule structure 
(Section 4.1). 

 Pre-

assembly 

GDP-

Paclitaxel 

(GTP-T2 + 

PTX) 

Pre-

assembly 

GDP-

Paclitaxel 

(GDP-T2 + 

PTX) 

Post-

assembly 

GDP-

Paclitaxel 

(GDP-MT 

+ PTX) 

Pre-

assembly 

GMPCPP- 

paclitaxel 

(CPP-T2 + 

PTX) 

GDP- 

BeF3
- - 

Paclitaxel 

GDP – 

AlFx - 

Paclitaxel 

GDP-

FTX2 

GMPCPP-

FTX2 

Pre-

assembly 

GDP- 

Laulima-

lide 

 

Avg. 

radius 

(nm) 

10.87±0.10 10.98±0.47 11.04±0.51 11.07±0.55 11.19±0.09 11.23±0.18 13.17±0.66 13.35±0.36 12.21±0.61 

Avg. PF 

number 

12.37±0.10 12.23±0.65 12.28±0.71 12.49±0.63 12.26±0.10 12.36±0.22 14.77±0.89 14.87±0.51 13.96±0.70 

Avg. inter-

PF 

distance 

(nm) 

5.45±0.01 5.57±0.29 5.59±0.33 5.51±0.28 5.67±0.05 5.65±0.10 5.56±0.33 5.59±0.22 5.46±0.27 

Avg. 

monomer 

length 

(nm) 

4.18±0.01 4.18±0.01 4.16±0.01 4.18±0.01 4.04±0.01 4.03±0.01 4.05±0.01 4.05±0.01 4.05±0.01 

1nm band 

peak 

position 

(nm-1) 

6.02±0.01 6.02±0.01 6.03±0.01 6.02±0.01 6.22±0.1 6.24±0.01 6.20±0.01 6.20±0.01 6.20±0.01 

 

 

 

 



176 
 

 

 

 

 

 


	Tesis Juan Estévez Gallego
	PORTADA
	INDEX
	FIGURES
	TABLES
	ABBREVIATIONS
	ABSTRACT
	RESUMEN
	1. INTRODUCTION
	2. OBJECTIVES
	3. MATERIALS AND METHODS
	4. RESULTS
	5. DISCUSSION
	6. CONCLUSIONS
	7. CONCLUSIONES
	8. BIBLIOGRAPHY
	APPENDIX




