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Summary 

In eukaryotic cells, microtubules are highly dynamic filaments of the cytoskeleton where they are 

involved in vital tasks like cell division, intracellular transport, and cell polarization. Microtubules are 

assembled from their building block tubulin, and both microtubules and tubulin are known to bind a 

multitude of regulators. In cells, protein partners bind to microtubules to either modulate their 

behavior or to use them to fulfill various cellular functions. In addition to proteins, several dozen small 

molecule ligands are known to influence microtubule dynamics and they target six distinct binding 

sites on tubulin. As tumor cells exhibit faster rates of cell division than healthy cells, it is not surprising 

that mitotic inhibition is one of the many strategies to treat cancer. Indeed, five of these ligands are 

currently used in the clinic as monotherapeutic antitubulin drugs. While their mechanism of action 

differ, all original ligands are derived from natural sources and have complex chemical structures. 

Based on these observations, we aimed in the present thesis to address the two outstanding open 

questions whether there are additional binding sites present in tubulin and if it is possible to develop 

a small molecule ligand targeting microtubules. 

To tackle these two questions, we first performed an X-ray crystallography based fragment screen. 

Using this approach, we found 56 chemically diverse fragments that bound to 10 distinct binding sites 

on tubulin. Moreover, we combined a computational binding-site search with the results from our 

fragment screen to comprehensively map all binding sites in tubulin. Indeed, we found 18 novel sites 

that are not targeted by any of the known ligands. Out of these, 11 sites are also not targeted by any 

known tubulin protein partner. These findings demonstrate that our combined computational and 

crystallographic approach is a powerful tool to map binding sites in any protein for which a well 

diffracting crystal system is available. 

With the structural information at hands on a plethora of new fragments bound to tubulin, we went 

on to develop novel small molecule ligands targeting tubulin. As a first step and proof of principle, we 

chose a fragment that binds to the well-known colchicine site and has structural resemblance to 

nocodazole, a microtubule-destabilizing agent that was proven to be too toxic to use in the clinic. This 

fragment establishes an intricate interaction network with tubulin, consisting of four hydrogen bonds. 

Indeed, when probing for the importance of these hydrogen bonds by removing them individually we 

learned that all of them are necessary to retain binding. While leaving the interaction network 

unchanged, we still had the option to grow our fragment by attaching continuously larger substitutions 

and in this way, we managed to improve our fragment from an IC50 of 54 μM to a final IC50 of 0.94 

μM in our best compound. These results demonstrate that already a small fragment can exhibit 
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optimal interactions to its target and that indeed our fragment hits can be used to obtain potent 

tubulin inhibitors. 

As our pilot project showed that our fragments can be improved, we went on to apply our freshly 

gained insight to a novel tubulin-binding site. This time we chose a fragment linking strategy, in which 

several fragments that bind close to each other are combined. First, we took a fragment that contained 

a common binding motif as a starting point to gain specificity. Second, we looked for additional 

fragments binding in close proximity that could be chemically linked to our starting fragment. The two 

additional fragments that we selected suggested that expanding our starting fragment with a phenyl 

moiety should increase its affinity. Indeed, with our linking effort we obtained a first ligand with an 

IC50 of 48 μM, whereas none of the starting fragments showed any effect on cells. Additional rounds 

of modification of this first ligand brought us our most potent compound, which we named Todalam. 

Todalam has an IC50 value of 8.8 μM and showed microtubule depolymerizing effects in vitro as well 

as in cells. Furthermore, we proposed a novel, twofold mechanism of action for Todalam: First, 

Todalam acts like a “plug” locking tubulin in its curved conformation and second, it links free tubulin 

to ring like structures that are incompatible with microtubule assembly. This is to the best of our 

knowledge the first rationally designed tubulin-targeting agent with a novel binding site and a novel 

molecular mechanism of action. 

Overall, we demonstrated that crystallographic fragment screening is a very powerful tool both for 

finding novel binding sites as well as for developing small molecule ligands. Our results set a basis for 

future ligand design efforts by providing a diverse set of novel tubulin-binding sites and ligands. They 

further offer two lead-like compounds that are ready to be developed into small lead molecules. 

 



1 
 

1. Introduction  

1.1 The cytoskeleton 

With the improvement of microscopic techniques came novel insights into the details of living 

organisms. One detail of particular interest was the different shapes that cells can exhibit. Early 

research in the 19th century by F. Dujardin proposed a “glutinous matter” called sarcode that gives 

cells their distinct shape and means of motility (Pollard, 1976). This matter was later redefined by P. 

Wintrebert as an “elastic and resistant network” which he named cytoskeleton (Zampieri et al., 2014). 

The first described component of the cytoskeleton was actin, which A. v. Szent-Györgyi separated from 

myosin and later showed that it can form filaments on its own. Subsequently, filamentous structures, 

about four times larger in diameter, were observed in flagella and named microtubules (Figure 1A; 

(Frixione, 2000)). Lastly, a diverse set of cellular polymers was identified as a third component of the 

cytoskeleton. It was summed up as intermediate filaments since it lies in diameter between 

microtubules and actin filaments (Ishikawa et al., 1968).  

Actin filaments, with a diameter of 8 nm, are the smallest components of the cytoskeleton; thus they 

are also called microfilaments (Figure 1B). Their main roles in the cell are enabling cell motility, 

maintaining cell morphology, formation of the contractile ring during cytokinesis, and enabling muscle 

contraction (Blanchoin et al., 2014). Unpolymerized actin (called G-actin) is a mostly α-helical, globular 

protein with a weak ATPase activity. Upon incorporation into double-stranded actin filaments (called 

F-actin), the ATP is hydrolyzed (Holmes et al., 1990; Dominguez and Holmes, 2011). Due to this ATPase 

activity, actin filaments are polarized: while ATP-bound G-actin is added to the so-called barbed end, 

ADP-bound G-actin detaches from the so-called pointed end. If the growth at the barbed end is in 

balance with the shrinkage at the pointed end a so-called treadmill effect can occur in which the 

overall length of the filament does not change although G-actin subunits are constantly added and 

removed (Lee and Dominguez, 2010). This treadmill effect is the major mechanism explaining how 

actin filaments are involved in cell motility. The cell uses this motility, for example, to react to external 

chemical signals that are transmitted from cell surface receptors to F-actin via members of the Rho 

GTPase family of proteins (Hall, 1994).  
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Figure 1. Components of the cytoskeleton. 

(A) Cell with fluorescently labelled cytoskeleton components: microtubules in green, actin filaments 
in red and the nucleus in blue. (B) Microfilaments, (C) Intermediate filaments, and (D) microtubules. 
For (B)-(D), the top panel shows a negative stain electron microscopy image of the corresponding 
filament, the bottom panel a schematic representation of its structure and the right panel a schematic 
of the localization within the cell. Figure adapted from (Alberts et al., 2008). 

 

Intermediate filaments (IF), with diameters of about 11 nm, are the second cytoskeletal components 

(Figure 1C). The intermediate filaments are a diverse family of proteins encoded by over 70 genes; the 

most prominent example is probably the keratin family (Szeverenyi et al., 2008). The keratins can be 

divided into two classes: “soft” IFs in epithelia ensuring cell plasticity and functioning as stress 

absorbers and “hard” IFs that form appendages like hair or horns (Moll et al., 2008). Further common 

IFs are the vimentins, which anchor organelles within cells (Katsumoto et al., 1990) or lamins that help 

shaping the cell nuclei (Dechat et al., 2010). While localization and function of the various IFs differ, 

they all share a similar structure made of coiled-coil motifs (Herrmann and Aebi, 2016). Furthermore, 

several investigated IFs share a common three-stage polymerization mechanism. First, an average of 

eight tetramers assembles to a unit-length filament (ULF). Next, filaments form by ULFs binding to 

each other in an end-to-end fashion. Lastly, the filaments compact giving the IF a slight twist 

(Herrmann et al., 1999; Herrmann et al., 2009). Due to the end-to-end assembly IFs are not polarized, 

unlike actin filaments and microtubules. 
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The largest components of the cytoskeleton are the microtubules with a diameter of 25 nm (Figure 

1D). Because microtubules and their interactions with proteins and ligands are the main topic of this 

thesis, their structure as well as their biochemical and biophysical properties are introduced in more 

depth in the following section.  

 

1.2 Microtubules 

1.2.1 Overview on microtubules 

Microtubules were first described by transmission electron microscopy as long filaments in cilia 

(Fawcett and Porter, 1954). With the improvement of the methodology, finer details were observed, 

which led to the first description of a small tubular structure termed “microtubule” (Ledbetter and 

Porter, 1963). Further investigations of flagellar microtubules lead to the discovery that they consist 

of protein building blocks, which were termed “tubulins” (Mohri, 1968). Shortly after, tubulin was 

shown to consist of two subunits of roughly similar size of 55 kDa, termed “α-tubulin” and “β-tubulin” 

(Stephens, 1970; Bryan and Wilson, 1971). Lastly, the overall arrangement of flagellar αβ-tubulin 

heterodimers in the context of a microtubule was determined by electron microscopy (Amos and Klug, 

1974). 

Microtubules have several crucial roles in cells. During cell division they form the mitotic spindle where 

they first orient and then separate the chromosomes into daughter cells by pulling on their 

kinetochores (Gadde and Heald, 2004). They also provide tracks for motor proteins to intracellularly 

transport vesicles and organelles (Barlan and Gelfand, 2017). In the form of doublets, microtubules 

give structural support to cilia and flagella, and together with motor proteins participate in ciliary and 

flagellar beating and provide transportation tracks in motile cilia (Ishikawa and Marshall, 2013). Due 

to their polarized nature, microtubules are also involved in cell polarization, which is especially 

apparent in neuronal cells where they help to differentiate neurites into axons and dendrites (Li and 

Gundersen, 2008). Lastly, microtubules together with actin filaments are involved in cell motility, 

where they help guide the direction of the cell movement by loosening adhesion points between the 

cell and its environment (Small et al., 2002).  
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Figure 2. Structure of the microtubule. 

(A) Structure of the 14 protofilament microtubule solved by cryo-EM (α-tubulin in gray and β-tubulin 
in white ribbon representation; PDB ID: 6DPV). The seam is indicated with a red dashed line and the 
blue box denotes the origin of panel (B). For simplicity only 180° of the microtubule are shown. (B) 
Close view of the lateral contact between two tubulin heterodimers. The M-loops forming the lateral 
contacts are highlighted in red. 

 

Microtubules consist of polymerized tubulin, in which tubulin assembles longitudinally into 

protofilaments, which in turn assemble laterally to form the cylindrically shaped microtubules. The 

number of protofilaments in vitro varies from 10 to 15 with the majority consisting of 14 

protofilaments (Pierson et al., 1978). This is in contrast to in vivo microtubules, where the 13 

protofilament assembly is predominant. Coincidentally, 13 protofilament is also the only geometry 

that allows straight protofilament assembly, whereas in other protofilament numbered microtubules 

a supertwist arises in which the protofilaments twist around each other (Chretien and Wade, 1991). 

Notably, these 13 protofilament microtubules are pseudo-helical and they contain a lattice 

discontinuity, called the “seam”, where α-β and β-α lateral contacts are made instead of the usual α-α 

and β-β lateral contacts (Mandelkow et al., 1986). Recent advancements in cryo-electron microscopy 

finally allowed to determine the atomic resolution structure of microtubules (Alushin et al., 2014; 

Zhang et al., 2015; Zhang et al., 2018). These structures for the first time clearly showed the seam and 

the M-loop mediated lateral contacts between protofilaments (Figure 2A). Since tubulin dimers 

assemble in a head-to-tail fashion, the resulting microtubules are polar with the α-subunit exposed at 

the so-called minus-end and the β-subunit exposed at the plus-end. This polarity results in the differing 

behavior of the two ends (Akhmanova and Steinmetz, 2015). To understand the mechanisms 
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underlying microtubule formation, we first need to have a look at the structure of tubulin and then 

relate it to the observed dynamics of microtubules. 

1.2.2 Structure of tubulin 

As microtubules are formed by the assembly of their building block, the αβ-tubulin heterodimer, it is 

crucial for structural consideration to look at microtubules and tubulin separately. The filamentous 

structure of a microtubule makes it unsuited for X-ray crystallographic structural analysis. Hence, the 

first structural insight gained on tubulin stems from an electron crystallography structure of zinc-

induced tubulin sheets (Nogales et al., 1998)). A zinc sheet of tubulin represents the tubulin 

conformation in a protofilament. However, in contrast to microtubules the protofilaments are aligned 

in an anti-parallel fashion (Amos and Baker, 1979). The structure revealed both the α- and β-tubulin 

subunits as very similarly folded, globular proteins. Both subunits can be further divided into three 

domains (residue numbering and secondary structure labeling convention is according to (Lowe et al., 

2001)): 1) The N-terminal domain, comprising residues 1 to 205, exhibits a Rossmann fold and contains 

the nucleotide-binding site. 2) The intermediate domain, formed by residues 206 to 384, contains the 

M-loop (residues 279–287) that mediates the lateral interaction between protofilaments (Figure 2B; 

(Nogales, 2000)). 3) The C-terminal domain, consisting of residues 385 to 430, is followed by the C-

terminal tail which is disordered and hence not resolved in any structure. The nucleotide sites contain 

a GTP or GDP and are located close to where longitudinal tubulin contacts are formed – in α-tubulin 

at the buried intra-dimer interface and in β-tubulin at the exposed inter-dimer interface. As a direct 

consequence, only the nucleotide on β-tubulin is hydrolysable - thus the site is called the N-site 

(nonexchangeable site) for α-tubulin and the E-site (exchangeable site) for β-tubulin (Mitchison, 1993; 

Nogales et al., 1998).  

In the year 2000, the first X-ray crystal structure of two tubulin heterodimers in complex with the 

stathmin-like domain of RB3 (denoted T2R) was solved, which allowed for the conformational 

comparison of free (soluble) versus polymerized tubulin (Figure 3A; (Gigant et al., 2000)). The most 

striking difference found was in the curvature between the two different states: The angle between 

the α- and β-subunit in free tubulin is 11° greater than the angle of the subunits in zinc-sheets. This 

led to the concept of “curved” tubulin for free tubulin and “straight” tubulin for tubulin incorporated 

in microtubules. The straight conformation of tubulin is strained, but stabilized by contacts formed in 

the microtubule lattice. A subsequent X-ray crystal structure of T2R in complex with the drug colchicine 

helped to further elucidate the structural changes that occur upon tubulin straightening (Ravelli et al., 

2004). Superimposing curved and straight tubulin revealed that the major change during the 

straightening process takes place in the intermediate domain. While the C- and N-terminal domains 



6 
 

can readily be superimposed, the intermediate domain undergoes a rotational movement in which 

both tubulin subunits are compacted and straightened. During these conformational changes, the 

central helix H7 undergoes a rotational movement that results in a piston-like downward movement 

relative to the C- and N-terminal domains (Figure 3B).  

 

Figure 3. Structure of tubulin. 

(A) Structure of the curved tubulin heterodimer (α- tubulin in gray and β-tubulin in white ribbon 
representation, the nucleotides in sphere representation; PDB ID: 5LXT). (B) Superimposition of curved 
(white ribbons; PDB ID: 5LXT) and straight β-tubulin (N-terminal domain in yellow, intermediate 
domain in orange and C-terminal domain in red ribbon representation; PDB ID: 6DPV). The structure 
was superimposed on the central strands βS1, βS2, βS4, βS5, and βS6. The central helix βH7 is labeled 
in blue. 

 

Besides the curved to straight conformational change, also structural effects induced by GTP 

hydrolysis in β-tubulin have to be considered. Comparing the GTP with the GDP state of β-tubulin, a 

conformational change of the βT5 loop becomes apparent. Whereas in GTP-bound β-tubulin this loop 

is oriented in an outward conformation, in the GDP-bound state it fluctuates between an inward and 

outward conformation. The inward conformation of βT5 allows it to interact with helix βH7 while the 

outward βT5 conformation, lacking this interaction, facilitates the straightening conformational 

change (Nawrotek et al., 2011). Recently, novel T2R crystal structures containing Drosophila tubulin 

allowed the analysis of specific tubulin mutations (Ayukawa et al., 2021). By removing the βT5-βH7 

interaction it was shown that the straightening conformational change is indeed facilitated in the GTP 

bound state. However, the nucleotide state has no effect on the actual curvature, but both 
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straightening and GTP hydrolysis introduce a strain on tubulin and the microtubule lattice, 

respectively, that acts like a spring. (Brouhard and Rice, 2018). Other developments in the 

crystallization of tubulin are the T2R-TTL complex (two tubulin dimers complexed with the stathmin-

like protein RB3 und the tubulin tyrosine ligase; (Prota et al., 2013a)) and the TD1 complex (one tubulin 

dimer complexed with a designed ankyrin repeat 1 protein; (Pecqueur et al., 2012)). Both of these 

crystal system are mostly used to obtain high resolution crystal structures of tubulin-ligand complexes. 

1.2.3 Dynamic instability of microtubules 

Microtubules are highly dynamic and this dynamicity is central to their various functions. Based on in 

vitro observations that the average length of microtubules increased during the steady state of 

microtubule formation whereas the average number decreased, the model of “dynamic instability” 

was introduced (Mitchison and Kirschner, 1984). In this model microtubules exist in two states that 

interconvert: one of extended slow growth which is balanced by one of rapid shrinkage; both events 

in vivo happen at the plus-end of the microtubule. This observation is explained by the state of the 

hydrolysable nucleotide on β-tubulin. The rate of GTP to GDP conversion increases drastically upon 

the incorporation of a tubulin dimer into the microtubule lattice (David-Pfeuty et al., 1977), but the 

rate of incorporation is higher than the nucleotide conversion rate (Carlier and Pantaloni, 1981). Due 

to this delay in hydrolysis, the growing plus-end of the microtubule contains more GTP-bound than 

GDP-bound β-tubulin subunits compared to the rest of the microtubule. This property is called the 

“GTP cap”, which has a stabilizing effect on microtubules. Once the GTP cap is lost due to hydrolysis, 

a switch called “catastrophe” occurs, changing microtubule growth to rapid shrinkage. Some proteins 

or an island of GTP bound β-tubulin subunits within the microtubule can stop a catastrophe, and the 

microtubule is “rescued” (Gliksman et al., 1993; Dimitrov et al., 2008). The switching behavior 

between catastrophes and rescues is referred to as dynamic instability of microtubules (Figure 4). 

Notably, minor growth also occurs at the minus-end in vitro (Tran et al., 1997). Furthermore, the 

minus-end does exhibit dynamic instability in vitro, but compared to the plus-end it displays 

catastrophes less frequently and can resume growth faster (Walker et al., 1989). However, the minus-

end is most of the time stable in cells as most microtubules are anchored to subcellular structures 

such as the centrosome (Kollman et al., 2011).  

How the plus-end of a microtubule actually looks like is still a debatable issue. While early schematic 

depictions of microtubules show a blunt end, this is not readily observed in cryo-electron micrographs 

of microtubule ends. Instead, the growing plus-end consists of a mixture of single curved 

protofilaments, several curved protofilaments bundled together, or sheet like structures (Chrétien et 

al., 1995). This suggests that the growing microtubule first forms a sheet-like structure that folds into 
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the cylindrical form of the microtubule. The shrinking of the plus-end during a catastrophe is also not 

just a detachment of tubulin dimers from the end, but rather an outward curling of single 

protofilaments that can be described as a “peeling” (Mandelkow et al., 1991).  

 

Figure 4. The dynamic instability of microtubules. 

Schematic representation of the growth (polymerization) and shrinkage (depolymerization) cycle of 
microtubules. A catastrophe is rapid shrinkage, which can be rescued by a protein rescue factor or a 
GTP island. Key: α-tubulin as blue spheres; GTP - β-tubulin as purple spheres; GDP - β-tubulin as cyan 
spheres. Figure adapted from (Akhmanova and Steinmetz, 2015). 

 

These observations of the plus-end during growth fit well together with the previously mentioned 

curved to straight conformational change of tubulin. As the straight conformation of tubulin is 

strained, a gradual straightening of tubulin over several intermediate states eases the conformational 
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barrier by stabilizing intermediate conformations during microtubule formation, but slowing the 

growth process down (Brouhard and Rice, 2018). On the other hand, the observations of the peeling-

like shrinkage of the plus-end during a catastrophe can be related to the structures of microtubules in 

different nucleotide states. In the GDP-bound state, the seam is weakened and breaks first, upon 

which the strain exerted on the microtubule lattice by the GDP bound β-tubulin acts like a spring to 

relax tubulin back to its curved conformation during depolymerization, resulting in rapid shrinkage 

(Brouhard and Rice, 2018; Zhang et al., 2018). 

1.2.4 Microtubule associated proteins 

A plethora of proteins that bind to either tubulin or microtubules are known, and they can be roughly 

divided into five groups. (Tortosa et al., 2016). The first group comprises the motor proteins mainly 

responsible for intracellular transport. Of these motor proteins, the dyneins transport their cargo 

towards the minus-ends of microtubules, whereas the kinesins mostly transport cargo in the opposite 

direction. Kinesins can be broadly classified into three classes depending on the location of their motor 

domains: N-terminal kinesins transport cargo towards the plus-end, C-terminal kinesins transport 

cargo towards the minus-end, and the mid domain kinesins act as microtubule depolymerases 

(Hirokawa et al., 2009). In contrast, cytoplasmic dyneins contain two heavy chains and are 

differentiated further by additional light chains (Pfister et al., 2006). Both kinesins and dyneins harness 

their motor energy from ATP hydrolysis (Hirokawa et al., 2010). 

The second group consist of plus-end tracking proteins (+TIPs) that regulate microtubule dynamics. 

For example the end-binding proteins (EB) lower the catastrophe rate, whereas the mid domain 

kinesin-13 promotes catastrophes. In contrast, proteins of the CLIP-family can rescue shrinking 

microtubules. An additional important function of +TIPs is their capacity to anchor plus-ends to various 

elements in the cell, such as the kinetochores during mitosis or the cell cortex (Akhmanova and 

Steinmetz, 2008). Not all +TIPs bind to microtubules directly, rather some form networks that track 

the plus-end collectively (Akhmanova and Steinmetz, 2015). 

The third group consist of proteins that influence the number of microtubules present in a cell. This 

regulation is achieved via several different ways. An increase in numbers is obtained by nucleating 

additional microtubules via complexes such as the -tubulin ring complex (-TuRC; (Kollman et al., 

2011). Furthermore, the presence of the -TuRC as a nucleation factor in cells gives rise to a uniform 

population of 13 protofilament microtubules (Zheng et al., 1995). On the other hand, the microtubule 

severing proteins, such as katanin or spastin, destabilize microtubules in an ATP dependent manner, 

decreasing their number (Roll-Mecak and McNally, 2010). Lastly, there are minus-end targeting 
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proteins (-TIPs) such as CAMSAP that bind to microtubules minus ends that are not attached to any 

subcellular structure and hinder the minus-end from polymerization as well as from depolymerization 

(Akhmanova and Hoogenraad, 2015).  

Tubulin modifying enzymes constitute the fourth group of microtubule associated proteins (MAPs). 

Posttranslational modification of tubulin generates additional subtypes of tubulin. Except for lysine 

acetylation, these modifications take place on the disordered C-terminal tail of both α- and β-tubulin. 

A prominent example is the tubulin detyrosination-tyrosination cycle mediated by the enzymes 

vasohibin and tubulin tyrosine ligase, which remove or add back, respectively, the gene encoded C-

terminal tyrosine residue of α-tubulin (Prota et al., 2013a; Wang et al., 2019). However, 

polyglycylation and polyglutamylation can also take place. As the C-terminal tails of α- and β-tubulin 

protrude from the surface of the microtubule, these modifications regulate the interaction of 

microtubules with MAPs including kinesins and +TIPs (Janke and Bulinski, 2011).  

The last group of proteins are those that bind along the shaft and cross-link and/or stabilize 

microtubules. This group contains the MAPs first discovered when they were co-purified with 

mammalian brain tubulin. These MAPs were found to stabilize microtubules in vitro and were thus 

named structural MAPs (Bodakuntla et al., 2019). A well-known example of a structural MAP is tau, 

which is able to bind across several tubulin heterodimers in the microtubule lattice, thereby exerting 

a stabilizing effect (Dehmelt and Halpain, 2005). Other MAPs have additional functions, like MAP7 that 

recruits kinesin-1 to microtubules (Hooikaas et al., 2019), or MAP2, that sorts cargo in axons by 

balancing the rate of kinesin-1 and kinesin-3 binding to microtubules (Gumy et al., 2017).  

Interestingly, besides these numerous proteins that regulate microtubule functions, there are also 

several dozens of ligands that perturb microtubule dynamics. These are discussed in detail in the next 

chapter. 
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1.3 Ligand binding sites on tubulin 

1.3.1 Overview on ligand binding sites in tubulin 

Tumors are fast dividing cells. It is therefore not surprising that mitotic inhibition is one of the many 

strategies used to treat cancer. Mitotic inhibitors are drugs that target microtubules, thereby 

inhibiting cell division. They can be broadly divided into two classes depending on their ability to shift 

the equilibrium towards microtubules or towards tubulin dimers: microtubule stabilizing agents (MSA) 

and microtubule destabilizing agents (MDA). Six distinct ligand binding sites on tubulin have been 

characterized so far (Figure 5), with all original compounds deriving from natural sources. They are 

discussed closer in the next chapters. 

 

Figure 5. Superimposition of the six drug binding sites on tubulin and their namesakes.  

α- and β-tubulin are shown in grey and white ribbon representation, respectively. Representative 
ligands are shown in sphere representation, with paclitaxel in blue (PDB ID: 6WVL); laulimalide in 
yellow (PDB ID: 4O4H); colchicine in cyan (PDB ID: 4O2B); vinblastine in pink (PDB ID: 5J2T); 
maytansine in green (PDB ID: 4TV8); pironetin in orange (PDB ID: 5LA6).  
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1.3.2 Taxane site 

The taxane site is named after paclitaxel (taxol), a natural substance first isolated from the bark of 

Taxus brevifolia (Figure 6A; (Wani et al., 1971)). It was later shown to stabilize microtubules in vitro 

even in depolymerizing conditions (Schiff et al., 1979) and soon after the same effect could be 

demonstrated in cells as well (Schiff and Horwitz, 1980). Furthermore, competition assays revealed 

that taxol bound to a so far unknown site on tubulin (Kumar, 1981). Much later, when taxol was 

already in clinical use, the structure of tubulin bound taxol was solved by electron crystallography; it 

is the first structure of a drug bound to tubulin (Nogales et al., 1998; Lowe et al., 2001).  

 

Figure 6. Detailed view of paclitaxel.  

(A) Chemical structure of paclitaxel. (B) Localization of paclitaxel in context of curved tubulin 
(paclitaxel in blue sphere representation (PDB ID: 6WVL), α- and β-tubulin in grey and white ribbon 
representation, respectively). The figure is a superimposition of taxol from a cryo-EM microtubule 
structure (PDB ID: 6WVL) on curved tubulin from a crystal structure (PDB ID: 5LXT). (C) Close up view 
of the taxane site (PDB ID: 6WVL), using the same color scheme as in (B). Secondary structure elements 
are labelled blue, interacting residues in black. Note that the helical conformation of the βM-loop 
stems from the lateral protofilament interaction. (D) Schematic of the general mechanism of action 
(adapted from (Steinmetz and Prota, 2018)). 
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The taxane site is located on the luminal side of microtubules near the βM-loop (Figure 6B; Note that 

the residue numbering and secondary structure nomenclature is taken from (Lowe et al., 2001)). 

Residues of helices βH1 and βH7 and loops βM, βH6-H7, and βS9-S10 form the site (Figure 6C). The 

βM-loop is involved in establishing the lateral contact between protofilaments, and taxol partially 

stabilizes this loop conformation via an interaction with βR278 (Manka and Moores, 2018), thereby 

stabilizing microtubules (Figure 6D). A similar mode of action was later found for discodermolide (from 

the sponge Discodermia dissoluta (Gunasekera et al., 1990; Prota et al., 2017)) and taccalonolide AJ 

(from the plant Tacca chantrieri (Tinley et al., 2003; Wang et al., 2017)). However, as the repertoire of 

taxane site ligands grew, evidence for the presence of additional mechanisms arose. A first variation 

was observed in the structures of zampanolide (from the sponge Fasciospongia rimosa (Tanaka and 

Higa, 1996; Prota et al., 2013b)), epothilone A (from myxobacteria genus Sorangium sp. (Höfle et al., 

1996; Prota et al., 2013b), and KS-1-199-32 (a discodermolide-paclitaxel hybrid (Prota et al., 2017)). 

These three compounds manage to stabilize the βM-loop of tubulin in a helical conformation, which 

is similar to the βM-loop conformation in microtubules (Kellogg et al., 2017). This difference in 

mechanism occurs, as these three compounds establish a direct interaction with the βM-loop, 

whereas taxol, discodermolide and taccanololide AJ do not. Furthermore, taccalonolide AJ and 

zampanolide do covalently bind to the taxane site. These two compounds, in addition to the βM-loop 

stabilization also have been reported to perturb GTP hydrolysis on β-tubulin (Wang et al., 2017; Field 

et al., 2018). 

Taxol was the first microtubule-targeting anti-cancer drug approved for clinical use in 1992, and it is 

still in use today as a first line treatment for various forms of cancer (Miller, 2001). The second taxane 

site ligand reaching clinical use was Ixabepilon, a modified epothilone A, for the treatment of 

aggressive breast cancer (Forli, 2014). 

1.3.3 Laulimalide/peloruside site 

Laulimalide from the marine sponge Mycale hentscheli (Figure 7A; (Mooberry et al., 1999)) and 

peloruside A from the marine sponge Cacospongia mycofijiensis (Hood et al., 2002) are so far the only 

two ligand families binding to the laulimalide/peloruside site and both ligands were found to stabilize 

microtubules. First indications that these microtubule-stabilizing agents were binding to another site 

than the previously known taxane site came from their insusceptibility to resistance mutations in the 

taxane site (Pryor et al., 2002; Gaitanos et al., 2004). Furthermore, an additive effect of paclitaxel and 

laulimalide could be observed (Gapud et al., 2004). Finally, the crystal structures of both compounds 

in complex with tubulin were solved, providing proof for a novel binding site in tubulin (Prota et al., 

2014a).  
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Figure 7. Detailed view of laulimalide.  

(A) Chemical structure of laulimalide. (B) Localization of laulimalide in the context of unassembled 
curved tubulin (laulimalide in yellow sphere representation (PDB ID: 4O4H), α- and β-tubulin in grey 
and white ribbon representation, respectively). (C) Close up view of the laulimalide site, using the 
same color scheme as in (B). In blue, the helix βH3 from an adjacent β-tubulin (β+1) from a 
superimposition with a microtubule cryo-EM structure is shown (PDB ID: 6DPV). Secondary structure 
elements are labelled blue, interacting residues in black. (D) Schematic of the mechanism of action 
(adapted from (Steinmetz and Prota, 2018)). 

 

The site is located on β-tubulin on the outer surface of microtubules where the lateral contact 

between protofilaments is established – roughly on the opposite side of the taxane site (Figure 7B). 

The site is formed by residues from helices βH9, βH9’, and βH10 and loop βH9-H9’ (Figure 7C). In the 

context of the microtubule, this places both ligands in reach of helix βH3 in the adjacent protofilament, 

as was confirmed by cryo-electron microscopy for peloruside A (Kellogg et al., 2017). This suggests 

that ligands of this site might act as a molecular “clamp” between protofilaments holding the 

microtubule as a whole together (Figure 7D). Indeed, molecular dynamics simulations suggest that in 

the presence of these ligands the adjacent two β-tubulins interact stronger with each other (Castro-

Alvarez et al., 2018). In addition, both the structural and computational study found that the 

interaction with helix βH9 at the N-terminal side of the βM-loop causes a partial ordering of the βM-
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loop, which has an additional stabilizing effect on the lateral contact. While parallel to crystal structure 

determination, classical medicinal chemistry campaigns provided additional insight into the binding 

possibilities of laulimalide and peloruside A, no major improvement has yet been achieved (Wender 

et al., 2003; Mooberry et al., 2008; Brackovic and Harvey, 2015) and none of the compounds is 

currently in clinical use. 

1.3.4 Colchicine site 

The first microtubule-targeting drug was colchicine, which was extracted from the plant Colchicum 

autumnale in the 19th century (Geiger, 1833), and was used to treat gout. Colchicine was later shown 

to inhibit cell division (Brues and Cohen, 1936) and later the chemical structure of colchicine was 

revealed (Figure 8A; (King et al., 1952)). Next, its mechanism of action was linked to tubulin (Borisy 

and Taylor, 1967), which was finally confirmed by the crystal structure of the tubulin-colchicine 

complex (Ravelli et al., 2004).  

 

Figure 8. Detailed view of colchicine.  

(A) Chemical structure of colchicine. (B) Localization of colchicine in context of tubulin (colchicine in 
cyan sphere representation (PDB ID: 4O2B), α- and β-tubulin in grey and white ribbon representation, 
respectively). (C) Close up view of the colchicine site, using the same color scheme as in (B). Secondary 
structure elements are labelled blue, interacting residues in black. (D) Schematic of the mechanism of 
action (adapted from (Steinmetz and Prota, 2018)). 
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The colchicine site is a deeply buried, elongated pocket between the α- and β-subunits of the tubulin 

dimer and is comprised mostly of hydrophobic residues. Residues from helices βH7 and βH8, sheets 

βS8 and βS9, and βT7 loop as well as the αT5 loop form the site (Figure 8BC). When tubulin undergoes 

its conformational change from curved to straight, the βT7 loop moves into the colchicine site while 

the overall pocket is compacted. If a ligand is bound to the site, the βT7 is sterically hindered and 

tubulin is locked in its curved conformation and rendered assembly incompetent (Figure 8D). Besides 

colchicine, a plethora of drug campaigns from both natural and synthetic sources has been undertaken 

to target this site. Some prominent examples are the synthetic molecule nocodazole (De Brabander 

et al., 1976; Wang et al., 2016b), the modified NPI-2350 from Aspergillus sp. called plinabulin 

(Nicholson et al., 2006; Wang et al., 2016b), combretastatin A4 from the plant Combretum caffrum 

(Pettit et al., 1995; Gaspari et al., 2017), and podophyllotoxin from the plant Podophyllum peltatum 

(Wilson et al., 1974; Ravelli et al., 2004). When all these structures are taken together, it becomes 

apparent that the colchicine site can be divided into three zones. The bulk of the ligands is taken up 

by a central area (zone 2), which has two accessory subpockets either located towards α-tubulin (zone 

1) or located in the opposite direction deeper in the cavity (zone 3) (Massarotti et al., 2012). 

Interestingly, from all compounds structurally elucidated so far only one fills all three zones (Niu et al., 

2019); the others fill either a combination of zones 1 and 2, or zones 2 and 3. 

Despite all efforts, none of the colchicine site ligands is in clinical use to treat cancer. The only drug 

currently in use is colchicine itself to treat unresponsive gout (Richette et al., 2017). 

1.3.5 Vinca site 

The vinca site is named after a group of vinca alkaloids extracted from the plant Vinca rosea (nowadays 

renamed to Cataranthus roseus; Figure 9A). Of the 30 isolated vinca alkaloids, the closely related 

vinblastine and vincristine appeared to be the most potent against a diverse set of solid tumors 

(Johnson et al., 1963). It has early on been noticed that vinblastine induces paracrystalline 

superstructures of tubulin in various types of cells (Starling, 1976). The crystal structure of the tubulin-

vinblastine complex in combination with negative stain electron microscopy images finally elucidated 

the mechanism of action of vinblastine (Gigant et al., 2005).  

The vinca site is located at the interdimer interface between two tubulin dimers and is formed by 

residues from helix βH6 and loops βT5 and βH6-H7 of β-tubulin and helix αH10, sheet αS9 and loop 

αT7 of α-tubulin (Figure 9BC). By interacting with residues from both α- and β-subunits, vinblastine at 

low concentration forms a wedge at the growing tip of microtubules, thereby disabling the 

straightening process of protofilaments. At high concentrations vinblastine manages to induce spiral-

like chains of tubulin by catching individual dimers, which is incompatible with the growth of 
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microtubules (Figure 9D). However, not all ligands of the vinca site fill it to the same extent as 

vinblastine, which leads to the possibility of other molecular mechanisms of action. Eribulin, a 

simplified version of Halichondrin A from the sponge Halichondria okadai (Jordan et al., 2005), is able 

to bind to the β-tubulin half of the vinca site, effectively hindering microtubule elongation at the 

growing plus-end (Doodhi et al., 2016). Another potent vinca site ligand is monomethyl-Auristatin E 

(MMAE), a modified dolastatin from the marine sponge Dolabella auricularia (Pettit, 1997). While 

MMAE does not induce tubulin ringlets like vinblastine, the two drugs seem to be able to lock the βM-

loop in an unfavorable conformation, further hindering tubulin assembly (Waight et al., 2016; Wang 

et al., 2016a). Another feature shared by all three compounds is their proximity to the GTP nucleotide 

site on β-tubulin, thereby hindering proper positioning of the next α-subunit which interferes with 

GTP hydrolysis (Ranaivoson et al., 2012).  

 

Figure 9. Detailed view of vinblastine.  

(A) Chemical structure of vinblastine. (B) Localization of vinblastine in context of tubulin (vinblastine 
in pink sphere representation (PDB ID: 5J2T), α- and β-tubulin in grey and white ribbon representation, 
respectively). (C) Close up view of the vinca site, using the same color scheme as in (B). Secondary 
structure elements are labelled blue, interacting residues in black. (D) Schematic of the mechanism of 
action (adapted from (Steinmetz and Prota, 2018)). 
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Currently, there are two drugs, applied as monotherapeutics, targeting the vinca site in the clinic: 

Eribulin for the treatment of metastatic breast cancer and metastatic liposarcoma (Halaven, (Menis 

and Twelves, 2011)), and MMAE as antibody-drug conjugates to treat anaplastic large cell lymphoma 

and Hodgkin's lymphoma (Brentuximab vedotin) or follicular non-Hodgkin’s lymphoma and diffuse 

large B-cell lymphoma (Polatuzumab vedotin) (Akaiwa et al., 2020). Vinblastine, vincristine, vindesine, 

and vinorelbine are used in various chemotherapy regimens, for example in the ABVD scheme 

(adriamycin, bleomycin, vinblastine, dacarbazine) to treat Hodgkin lymphoma (Bonadonna et al., 

1975) or the MVAC scheme (methotrexate, vinblastine, adriamycin, cisplatin) to treat advanced 

bladder cancer (Sternberg et al., 1988). 

1.3.6 Maytansine site 

Maytansine was found in alcoholic extracts of the plant Maytenus ovatus (Figure 10A; (Kupchan et al., 

1972)) and was later shown to inhibit the formation of the mitotic spindle in sea urchin eggs (Remillard 

et al., 1975) and to arrest murine leukemia cells in metaphase (Wolpert-DeFilippes et al., 1975). 

Furthermore, biophysical experiments confirmed that maytansine bound to tubulin and showed 

competition with vincristine for binding (Mandelbaum-Shavit et al., 1976). The subsequently solved 

crystal structure of the tubulin-maytansine complex revealed that maytansine had its own distinct 

binding site with no overlap with the vinca site (Prota et al., 2014b).  

The maytansine site is a shallow surface pocket located at the longitudinal interdimer interface of β-

tubulin (Figure 10B). The pocket is formed by residues of helices β3’, β11, and β11’ and from loops 

βT3, βT5, and βH11- βH11’ and contains a three-point pharmacophore. The two contact points at 

either end of the pocket are hydrogen-bond donors consisting of βN102 and βK105 or the main chain 

of βV181, while in between is a hydrophobic contact point formed by βV182 and βY408 (Figure 10C). 

Other compounds binding to the maytansine site also share this pharmacophore: Rhizoxin from the 

fungus Rhizopus chinensis (Hanauske et al., 1996; Prota et al., 2014b), PM060184 from the 

Madagascan sponge Lithoplocamia lithistoides (Martin et al., 2013; Prota et al., 2014b), spongistatin 

from the East Indian Ocean sponges of the genus Spongia (Pettit et al., 1993; Bai et al., 1995; Menchon 

et al., 2018), and disorazole from the fermentation broth of the myxobacterium Sorangium cellulosum 

(Tierno et al., 2009; Menchon et al., 2018). By binding to the maytansine site, these compounds block 

the exposed interdimer interface on β-tubulin thereby hindering the formation of longitudinal 

contacts in the growing microtubule (Figure 10D). This also explains the apparent competition with 

vincristine. The vinca site is formed by residues of both the interdimer interface of β-tubulin and the 

longitudinally aligned α-tubulin; hence, maytansine site binders remove half of the vinca site and 

thereby non-competitively hinder vincristine from binding. Maytansine is currently in clinical use to 
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treat metastatic breast cancer in the form of an antibody-drug conjugate (trastuzumab emtansine, 

(Lambert and Chari, 2014)). 

 

Figure 10. Detailed view of maytansine.  

(A) Chemical structure of maytansine. (B) Localization of maytansine in context of tubulin (maytansine 
in green sphere representation (PDB ID: 4TV8), α- and β-tubulin in grey and white ribbon 
representation, respectively). (C) Close up view of the maytansine site, using the same color scheme 
as in (B). Secondary structure elements are labelled blue, interacting residues in black. (D) Schematic 
of the mechanism of action (adapted from (Steinmetz and Prota, 2018)). 

 

1.3.7 Pironetin site 

Pironetin is a natural product first found in the culture broth of Streptomyces sp. NK10958 (Figure 11A; 

(Kobayashi et al., 1994a; Kobayashi et al., 1994b)). It was first described as plant-growth regulator in 

rice, but without a known mode of action (Kobayashi et al., 1994a). Later, pironetin was shown to 

inhibit as well the growth of mammalian cells (Kondoh et al., 1998), which in turn led to the discovery 

of its microtubule assembly inhibition (Kondoh et al., 1999). Initially, pironetin was thought to 

covalently bind to αK352 – situated at the interdimer interface and part of α-tubulin – and thereby to 

alter the GTPase activity of the longitudinally aligned β-tubulin (Usui et al., 2004). Subsequently, two 
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tubulin-pironetin crystal structures showed pironetin to covalently react with αC316, and elucidated 

the binding mode and mechanism of action of pironetin (Prota et al., 2016; Yang et al., 2016).  

 

Figure 11. Detailed view of pironetin.  

(A) Chemical structure of pironetin. (B) Localization of pironetin in context of tubulin (pironetin in 
orange sphere representation (PDB ID: 5LA6), α- and β-tubulin in grey and white ribbon 
representation, respectively). (C) Close up view of the pironetin site, using the same color scheme as 
in (B). Secondary structure elements are labelled blue, interacting residues in black. (D) Schematic of 
the mechanism of action (adapted from (Steinmetz and Prota, 2018)). 

 

The binding site of pironetin is an extended hydrophobic cavity located in α-tubulin (Figure 11B). The 

cavity is mainly formed by helices αH7 and αH8. It is capped on the side where covalent binding takes 

place by sheets αS8, αS9 and αS10 and its entrance is formed by sheets αS1, αS4 and αS5 (Figure 11C). 

The binding of pironetin sterically hinders the movement of helix αH8 and loop αT7, both of which 

must move closer to sheets αS8 and αS9 when tubulin switches from the curved to the straight 

conformation (Figure 11D). This steric hindrance is hypothesized to render tubulin assembly 

incompetent at high pironetin concentrations or block the addition of tubulin dimers to the minus-

end of microtubules (Prota et al., 2016). The pironetin site is of high interest, as it is to date the only 

characterized drug-binding site on α-tubulin and furthermore, remains active in tumor cell lines 
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resistant to vindesine and paclitaxel (Yoshida et al., 2007). To this end, a multitude of structure-activity 

relationship studies to improve the characteristics of pironetin has been undertaken. For example 

pironetin was either modified (Watanabe et al., 2000; Huang et al., 2017; Huang et al., 2018) or 

simplified (Marco et al., 2011; Panos et al., 2013; Roldan et al., 2016), and furthermore pironetin has 

been chemically linked with colchicine site binders (Vilanova et al., 2014a; Vilanova et al., 2014b; 

Torijano-Gutierrez et al., 2015). However, none of these efforts found any significant improvement or 

novel compounds so far. 

 

1.4 Aim of the thesis 

A multitude of regulators are known to bind to tubulin or microtubules. In cells, a large number of 

proteins either modulate the behavior of tubulin or use microtubules to exert functions such as cell 

division or intracellular transport. In addition, many ligands are known to interfere with microtubule 

dynamics. These observations raise the intriguing question of how many binding sites are present in 

tubulin. The first aim of the thesis was thus to map all binding sites in tubulin. To this end, we deployed 

a threefold strategy. First, our collaborators from the group of A. Cavalli (Italian Institute of 

Technology) have computationally analyzed binding pockets in tubulin. Second, we have mapped 

tubulin sites experimentally using a crystallographic fragment screen. Third, we have analyzed all 

tubulin-ligand and tubulin-protein complex structures available in the Protein Data Bank. In 

combination, the obtained results provide a comprehensive analysis of binding sites in tubulin.  

As mentioned in the introduction, six drug-binding sites in tubulin have been characterized so far. All 

six sites have in common that their targeting compounds are derived from natural sources and are 

thus chemically complex. The results obtained during the first part of the thesis work were thus used 

to tackle the second question: Is it possible to rationally develop small molecule ligands targeting 

tubulin. To this end, we selected two fragments from our crystallographic screen, which bind to a well-

known and to a novel site in tubulin, respectively. Using a structure-guided approach we and our 

collaborators from the group of A. Cavalli produced two small molecules that kill cells in the 

micromolar range by disrupting the microtubule cytoskeleton. One of those acts on microtubules via 

a completely novel molecular mechanism of action.  
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2. Comprehensive analysis of binding sites in tubulin 

2.1 Declaration of contribution 

For the fragment screening project, Prof. Dr. Michel Steinmetz, Dr. Andrea Prota and I designed the 

approach to adjust our tubulin crystal system to the needs presented by the fragment screening 

pipeline at the Diamond Light Source. I prepared all the proteins and crystals, ran the optimization 

trials for soaking and cryo-protection. Furthermore, I organized the three trips to the Diamond Light 

Source, were I conducted the experiments with help from Dr. May Sharpe and Dr. Andrea Prota. 

Solving of the structures was done by me, and deposition to the Protein Data Base done with help of 

Dr. Andrea Prota. I wrote the first draft of the manuscript for the crystallography part, while Dr. Dario 

Gioia from the group of Prof. Dr. Andrea Cavalli contributed the computational part. Together with 

Prof. Dr. Michel Steinmetz, I analyzed all the tubulin-ligand and tubulin-protein interactions and we 

finalized the manuscript. All crystallography related figures were prepared by me. 

The paper was published in 2021 under the title “Comprehensive analysis of binding sites in tubulin” 

in the Angewandte Chemie International Edition. 
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Abstract 

Tubulin plays essential roles in vital cellular activities and is the target of a wide range of proteins and 

ligands. Here, using a combined computational and crystallographic fragment screening approach, we 

addressed the question of how many binding sites in tubulin do exist. We identified 27 distinct sites, 

from which 11 have not been described so far, and analyzed their relationship to known tubulin-

protein and tubulin-ligand interactions. We further observed an intricate pocket communication 

network and identified 56 chemically diverse fragments that bound to 10 distinct tubulin sites. Our 

results offer a unique structural basis for the development of novel small molecules for the use as 

tubulin modulators in basic research applications or as drugs. Furthermore, our method lays down a 

framework that may help discovering new pockets in other pharmaceutically important targets and 

characterize them in terms of chemical tractability and allosteric modulation. 
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Introduction 

Microtubules are dynamic cytoskeletal filaments, which are assembled from and disassembled into 

their αβ-tubulin heterodimeric building blocks. An outstanding property of tubulin is its capacity to 

bind a plethora of regulators, whose main activities are to modulate microtubule dynamics and 

organization, and consequently microtubule function. In cells, it is targeted by diverse proteins that 

enable microtubules to control fundamental physiological processes in all eukaryotes ranging from 

cell division, cell motility, cell polarity to intracellular trafficking (reviewed in (Downing, 2000)). In 

addition, a large number of chemically diverse, small molecule ligands bind to six so far identified, 

distinct binding sites in tubulin (reviewed in (Steinmetz and Prota, 2018)). Notably, compounds that 

interfere with the function of tubulin have been very successfully used to treat human pathologies 

including cancer, infectious diseases and neurological disorders, but also in basic research studies 

aimed at understanding cell physiology (reviewed in (Dumontet and Jordan, 2010; Baas and Ahmad, 

2013)).  

The observation that tubulin can bind so many different proteins and ligands raises the intriguing 

question of how many different binding sites do exist in tubulin. Here, we addressed this question 

using a combined computational and crystallographic fragment screening approach. Our study 

provides a comprehensive analysis of binding sites in tubulin, and offers a unique structural and 

mechanistic framework for novel antitubulin ligand design and engineering approaches. 

 

Results 

Computational analysis 

We initially performed a 1.1 µs-long molecular dynamics (MD) simulation in explicit solvent with a 

high-resolution crystal structure of the bovine brain αβ-tubulin heterodimer, which is predominantly 

composed of the α1- and β2-tubulin isotypes (Prota et al., 2013a). The root mean square deviation 

(RMSD) of the Cα carbon atoms of the tubulin structure compared to the starting structure stabilized 

after 400 ns of the simulation and oscillated around 2.7 Å for the remaining time of the simulation 

(Figure S1). However, without taking the long loops H1-S2, S7-H9 (M-loop), and S9-S10 of both the α- 

and β-tubulin monomers into account (see (Lowe et al., 2001) for designation of secondary structure 

elements), the stability was achieved after only 100 ns of simulation with an average RMSD of 1.8 Å 

(Figure S1).  
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Figure 1. Tubulin pockets and their communication networks predicted by MD simulation. 

(a) and (c), Predicted pockets in β-tubulin ((a), light gray ribbons) and α-tubulin ((c), dark gray ribbons). 
(b) and (d), Predicted pocket communication networks in β-tubulin (b) and α-tubulin (d). Marine blue 
lines depict connected network nodes; their widths are displayed proportional to the respective 
communication frequency between two nodes. Spheres represent center of masses of the pockets 
(corresponding to network nodes) and are shown in different colors. Identical colors indicate pockets 
that are often merged during the simulation. Spheres coated with yellow rings highlight novel sites. 
See also Table S1.  

 

Next, we computationally identified pockets in tubulin, analyzed their relative dynamics and 

persistency, and assessed their communication networks by tracking the exchange of atoms between 

adjacent pockets during the entire course of the simulation. For the description of the predicted 

pockets, we arbitrarily gave them an identifier (pID) by numbering them consecutively with roman 
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numbers in both the α- and β-tubulin monomers. An overview of the location of the pockets in α- and 

β-tubulin is given in Figure 1ac and selected features of all pockets are collected in Table 1 and Table 

S1. An illustration of the dynamic crosstalk between pockets is illustrated in Figure 1bd and the 

involved residues are highlighted in Table S1. In the following, we first describe the pockets observed 

in β-tubulin and then those in α-tubulin.  

The first pocket on β-tubulin that attracted our attention is pID βII, which displays a persistency value 

(p) of 99%. Despite that the presence of this pocket may also be influenced by the adjacent 

β-phosphate group of the bound GDP, its boundaries leave enough space to accommodate the 

-phosphate group when the β-nucleotide site is occupied by GTP or an inorganic phosphate molecule 

in the case of GDP-Pi. Two pockets, pID βV and βXI (p=98% and 41%, respectively) belong to the 

structurally well-characterized taxane site of β-tubulin (Nogales et al., 1998; Prota et al., 2013a; 

Alushin et al., 2014). They merged along 30% of the simulation to give raise to a single, wider pocket. 

Other pockets that belong to known β-tubulin sites comprise the colchicine site (Ravelli et al., 2004; 

Prota et al., 2014c) (pID βIII and βIV; both with p=100%), an allosteric pocket of the maytansine site 

(Prota et al., 2014a) (pID βI; p=58%), which accommodates the C15-C33 moiety of the phase II 

anticancer drug plocabulin (PM060184; (Prota et al., 2014a; Galmarini et al., 2018)), and the 

laulimalide/peloruside site (Prota et al., 2014b) (pID βX, p=46%).  

A prominent pocket in β-tubulin is pID βVI (p=52%), which is formed by residues of helices βH1, βH2, 

and βH7. Intriguingly, it acts as a bridge between the taxane-site pocket pID βV and the β-nucleotide 

site. This predicted crosstalk between these two sites is in line with biochemical results demonstrating 

that the presence of a ligand in the taxane site affects the interaction of GDP or GTP with the 

β-nucleotide site (Field et al., 2018). In addition, pocket pID βVIII (p=57%), which is formed by residues 

of helix βH6 and the loop βH9-βS8 weakly communicates with pID βX of the laulimalide/peloruside 

site. Finally, pID βVII and βIX (p=32% and 31%, respectively), which are formed by residues of helices 

βH3, βH5, βH12, and helix βH3 and loop βS3-βH3 respectively, do not show any contribution to the 

pocket communication network.  
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Table 1. Pockets and sites identified by MD and crystallographic fragment screening, respectively. 

Pocket 1 Site 2 Shared SS 3 Notes 4 

pID βI sID βαIII (22) βT5, βH5, βH11 * Extension of the vinblastine site; targeted by the C15-
C33 moiety of plocabulin 

pID βII - - γ-phosphate site of the guanosine nucleotide 
pID βIII sID βIV (16) βS4, βS5, βH5-S6, βS6, βH7, 

βT7, βH8, βS7, βS8, βS10 
Colchicine site 

pID βIV sID βIV (16) βT7, βH8, βS8, βS9 Colchicine site; equivalent to pID αVI 
pID βV sID βII (2) βH1, βS7, βM, βS8, βS9-S10, 

βS10 
Taxane site 

pID βVI - - Novel; mediating communication between β-ns and 
the taxane site; equivalent to pID αIV 

pID βVII - - Novel 
pID βVIII sID βI (2) βH6, βH9-S8 Targeted by TPX2; equivalent to pID αIX;  
pID βIX - - Novel 
pID βX - - Part of the laulimalide/peloruside site 
pID βXI sID βII (2) βM, βS9-S10, βS10 * Taxane site 

- sID βIII (1) - Novel 
- sID βV (8) - Targeted by dynein and CPAP 
- sID βαI (3) - Targeted by tau, TPX2, kinesin-13, Ustilago maydis 

kinesin-5 and iE5 alphaRep 
- sID βαII (16) - Involved in longitudinal inter-tubulin dimer contacts 

in microtubules 
- sID βαIII (22) - Extended vinblastine site; involved in longitudinal 

inter-tubulin dimer contacts in microtubules; 
targeted by DARPin 1/2 and RB3 

pID αI - - Involved in longitudinal intra tubulin contact; 
targeted by TTL; equivalent to pID βI 

pID αII - - Merges with pID αI 
pID αIII - - Novel 
pID αIV sID αII (3) αH1, αH2, αH2-S3, αH7 Novel; communicates with α-ns 
pID αV - - Targeted by Alp14; communicates with pID αXII 
pID αVI sID βαIII (22) 

 
αH10-αS9, αH8, αS9 * Extension of the vinblastine site; targeted by RB3; 

equivalent to βIV 
pID αVII - - Involved in lateral inter-tubulin dimer contacts in 

microtubules; targeted by iiiA5 alphaRep 
pID αVIII - - Novel 
pID αIX sID αI (1) αH6, αM, αH9 Novel; equivalent to pID βVIII 
pID αX - - Novel 
pID αXI - - Novel 
pID αXII - - Novel; communicates with αV; equivalent to βV  

1Identifier of pockets predicted computationally. 
2Identifier of sites identified by the crystallographic fragment screen. The number of fragments targeting a 
particular site is given in parenthesis.  
3Shared tubulin secondary structural elements between corresponding pockets and sites. Asterisks indicate 
partial overlap. 
4For additional notes, see Supplementary Table S1, Table S3, Table S4, and Table S5. ns, nucleotide site; Novel, 
site that has not been described to be targeted by any structurally characterized ligands or protein partners. 
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The overall pocket distribution in α-tubulin is somewhat similar to that detected in β-tubulin. A 

distinctive pocket is pID αVI (p=52%) that resembles the entrance of the colchicine site of β-tubulin 

(equivalent to pocket pID βIV). Interestingly, despite the fact that the αS9-αS10 loop is longer than the 

corresponding one in β-tubulin, which is part of the taxane site, two pockets, pID αV (p=51%) and pID 

αXII (p=32%), were identified in this region. Close to them and separated by the αM-loop, we found 

pocket pID αIX (p=30%), which is formed by residues of helices αH6, αH9 and loop αH9-αS8.  

Pocket pID αIV (p=69%), which is formed by residues of helices αH1 αH2 αH7 and loop αH2- αS3, is in 

a communication pathway that includes also the α-nucleotide site but not pockets pID αV and αXII, 

which are located close to the αM-loop. In contrast, the equivalent pID αIV pocket in β-tubulin (pID 

βVI) connects the βM-loop containing taxane site of β-tubulin with the β-nucleotide site (see above). 

The pID αIV-mediated communication network that is located close to the intra-dimer interface 

includes in addition pockets pID αI (equivalent to pID βI and in reach of the βH10- βS9 loop of the 

β-tubulin monomer), αII and αXI (p=86%, 77% and 51%, respectively). These additional pockets are 

often merged together to form a single, larger cavity formed by residues of helices αH5, αH6, and 

αH11, and loops αH9-αS8 and αS5-αS5. The network is interrupted by pockets pID αX (p=30%) and 

αVIII (p=51%), which are formed by residues of helix αH1 and loop αH1-αH1’, and helix αH1 and loops 

αH1-αH1’ and αS9-αS10, respectively. Finally, pocket pID αIII (p=62%), which is shaped by residues of 

loop αH8-αS7 and helices αH5 and αH11, and pID αVII (p=85%), which is surrounded by helix αH3 and 

the loops αH1-αS2 and αH2-αS3 appeared to be both isolated and are not involved in any 

communication network. 
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Crystallographic fragment screening 

With the two-fold objective to experimentally validate our computational predictions and to identify 

potential ligands able to bind into novel pockets in tubulin, we conducted an X-ray crystallography-

based fragment screen. A fragment is a small, ~200 Da chemical entity that in combination with a 

crystal structure of the fragment complexed to its target has been recognized as a powerful tool for 

structure-based drug design (Hartshorn et al., 2005; Patel et al., 2014; O'Reilly et al., 2019). To this 

end, we used a well-established crystal system composed of two bovine brain αβ-tubulin 

heterodimers (the monomers are denoted αTub1, βTub1, αTub2, and βTub2), the stathmin-like 

domain of rat RB3 and chicken tubulin tyrosine ligase (TTL); the complex is denoted T2R-TTL (Prota et 

al., 2013a; Prota et al., 2013b). We soaked individual crystals with 708 different fragments, collected 

672 X-ray diffraction data sets, and solved 503 structures with a resolution better than 4.0 Å. In these 

structures, unambiguous electron densities for 59 unique fragments were identified (resolution range 

of 1.9-3.1 Å; Table S2 and Figure S2). From these, 15 bound simultaneously to two or more different 

tubulin sites and 10 bound as pairs two times to the same site. Three fragments were not considered 

for further analysis, as they were bound to sites involving RB3 residues or crystal contacts. 

For their description, we arbitrarily gave the fragment sites an identifier (sID) by numbering them 

consecutively according to their location in the T2R-TTL complex, i.e., β-tubulin, β-tubulin-α-tubulin 

inter-dimer interface (i.e., βTub1-αTub2), and α-tubulin. We also use the term “site” in this section to 

distinguish it from a computationally predicted “pocket” (see above). An overview of the location of 

the fragment sites in αβ-tubulin is given in Figure 2 and selected features of them are collected in 

Table 1 and Table S3. The chemical structures of the 59 identified fragments and some of their 

structural particularities that are important for binding are shown in Figure S3 and Figure 3, 

respectively. In the following, we first describe the sites in β-tubulin, move to the ones located at the 

β-tubulin-α-tubulin inter-dimer interface and finally to the ones in α-tubulin. For simplicity, we only 

explicitly describe interactions of common fragment motifs with tubulin residues.  
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Figure 2. Fragment-binding sites in tubulin determined by X-ray crystallography. 
In the center of the figure, the structure of the two tubulin heterodimers αTub1-βTub1 and αTub2-
βTub2 are depicted as they are observed in the T2R-TTL complex. For simplicity, the RB3 and TTL 
molecules have been omitted. The α- and β-tubulin monomers are shown in dark and light gray ribbon 
representation, respectively. The surrounding panels show close up views of the revealed fragment 
sites; the views in the individual panels differ in orientation from the central overview. Only one site 
is shown in cases where equivalent ones were found in both tubulin dimers. Secondary structural 
elements defining the sites are labelled. See also Table S3.  
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A well-populated site on β-tubulin is sID βIV, which corresponds to the colchicine site. It is targeted by 

16 chemically diverse fragments that populate the three zones of the site (Massarotti et al., 2012) and 

which fill a total volume, Vf, of 780 Å3. They interacted with the protein through either hydrophobic 

or mixed hydrophobic and polar contacts mediated by residues of helices βH7 and βH8, strands βS1, 

βS4, βS5, βS6, βS8, βS9, and βS10, and loops βT7 and αT5. In comparison to the apo tubulin structure 

(Prota et al., 2013b), all fragments were able to displace loop βT7, an induced structural change that 

is characteristic of colchicine-site ligands (Ravelli et al., 2004; Prota et al., 2014c). Five of them bound 

twice pairwise to the same site. To our surprise, we found only two fragments in the large taxane site 

of β-tubulin (sID βII; Vf=207 Å3). This site is formed by residues of helices βH1 and βH7, strands βS7, 

βS8, and βS10 and loops βM and βS9-βS10. The two fragments share a methylsulfonyl-benzene moiety 

as a common binding motif. Its sulfonyl group interacted with residues βR320, βS374, and βT376, and 

its benzene group interacted with βF272 and is wrapped around by the βM-loop. An additional site on 

β-tubulin is sID βI (Vf=173 Å3), which is formed by helices βH6 and βH9, and loop βH9-βS8 and is 

targeted by two fragments. The two fragments share an anilide core as a common binding motif. This 

core established two hydrogen bonds to βR215 and βT216 whereas the aromatic moiety filled a small 

hydrophobic cavity that is located between helices βH6 and βH9 and which is formed by βD211, βI212, 

and βK299. The two varying amide extensions of the fragments were found to be fully solvent 

exposed. Notably, sID βI is located adjacent to the laulimalide/peloruside site. 

An intriguing site on β-tubulin is sID βV, which is targeted by eight fragments (Vf=669 Å3). The site is 

formed by residues of helices βH4, βH5, βH8, and αH11’, strands βS4 and βS5, and loops βH4-βS5, 

βH5-βS6, and βH8-βS7. Interestingly, it is consistently occupied with a 2-(N-

morpholino)ethanesulfonic acid (MES) molecule in various T2R-TTL crystal structures (e.g., PDB ID 

5LXT). In the absence of a ligand, access to this site is occluded due to the formation of a salt bridge 

between βD199 and βR158, which is broken up upon ligand binding. Five out of the eight fragments 

that bound to this site established an interaction with βD199 through a nitrogen atom, which is 

otherwise occupied by the side chain of βR158 or a MES molecule. Besides this nitrogen atom, the 

fragments are extended by diverse aliphatic or aromatic moieties that interacted differently with the 

protein. Fragments with aromatic moieties that are connected by an aliphatic linker to the nitrogen 

atom are able to penetrate into a deep hydrophobic cavity formed by residues βI154, βI157, βY161, 

βP162, and βM166. Fragments lacking this aromatic extension do not bind this cavity, but interact 

with residues surrounding its entrance. The last site on β-tubulin is sID βIII (Vf=179 Å3), which is 

targeted by one fragment and formed by residues of helix βH1’, the βN-terminus and loop βT7. This 

fragment also targeted site sID βαII.  
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Figure 3. Interaction modes and common binding motifs of fragments. 

(a) Fragments 01 and 53 in sID βI. (b)Fragments 02 and 03 in sID βII. (c) Fragments 20, 21, 22, 23 and 
24 in sID βV. (d) Fragments 04, 11 31, 32, 35, 40 and 43 in sID βαII. (e) Fragments 22, 44, 45, 49, 51 
and 54 in sID βαIII. (f) Fragments 02 and 25 in sID αII. For all panels, the α- and β-tubulin monomers 
are depicted in dark and light gray ribbon representation, respectively. Side chains interacting with 
common fragment binding motifs are shown in stick representation. Secondary structural elements 
are labeled in blue. Fragments are shown in stick representation using the same color code for their 
carbon atoms as in Figure 2. Oxygen, nitrogen, sulfur, fluorine and bromine atoms are colored in red, 
blue, yellow, cyan, and brown, respectively. The chemical structures of all 59 fragments identified in 
this study are shown in Figures S3.  

 

A large site located at the β-tubulin-α-tubulin inter-dimer interface of T2R-TTL is sID βαIII that 

corresponds to an extended vinca site (Gigant et al., 2005; Doodhi et al., 2016). It is targeted by 22 

fragments (Vf=1139 Å3) and is formed by residues of helices βH5, βH6, βH7, βH11, αH8, and αH10 and 

loops βT5, βH6-βH7, αT7, and αH10-αS9. Six of them contain a para-substituted fluorobenzene moiety 

as a common binding motif, which is buried in a small hydrophobic cavity formed by the residues 

βV177, βY210, βP222, βT223, βY224, and βL227. The remaining moieties of these six fragments, as 
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well as the other fragments, differently exploit the large volume of sID βαIII through hydrophobic or 

mixed hydrophobic and polar contacts. Notably, ten out of the 22 fragments also bound to an 

additional site in tubulin and three fragments bound pairwise twice to the same site. 

Another interesting site observed at the β-tubulin-α-tubulin inter-dimer interface is sID βαII, which is 

located between the maytansine and pironetin (Yang et al., 2016) sites. It is targeted by 16 fragments 

(Vf=632 Å3) and is formed by residues of helices βH3’, βH11’, and αH8, strand αS4, and loops βT3, βT5, 

αH3-S4, and αH4-αS5. Five out of the 16 fragments share an acetanilide group and two fragments a 

propionanilide group as common binding motif, which bound in a small cavity by forming two 

hydrogen-bonds to βN102 and αT257, and by establishing a π-stacking interaction with βW407. 

Furthermore, due to this common π-stacking interaction the varying moieties of these seven 

fragments are all oriented in the same direction towards the α-tubulin monomer. The remaining eight 

fragments share little chemical similarities and interacted with tubulin through hydrophobic or mixed 

hydrophobic and polar contacts. A third site that we observed at the β-tubulin-α-tubulin inter-dimer 

interface is the shallow surface site sID βαI (Vf=511 Å3), which is formed by residues of helix αH12 and 

loops βH11-βH11’ and αH8-αS7. It is targeted by three fragments that mainly bound the protein 

through hydrogen bonding interactions. Notably, they replaced structural water molecules present in 

the apo T2R-TTL structure upon binding. One fragment bound pairwise twice to the same site.  

Compared to β-tubulin that interacted with 56 fragments, only four different fragments were found 

in α-tubulin, all of which also bound to a second site in the protein. Site sID αII (Vf=364 Å3) is located 

close to the α-nucleotide site. It is formed by residues of αH1, αH2, and αH7 and the loop αH2-αS3. 

Three fragments targeted sID αII, whereby two of them share a sulfonyl group as a common motif that 

interacted with residues αT225 and αN228. In addition, a single fragment bound to a site formed by 

residues of helices αH6 and αH9 and the αM-loop (sID αI, Vf=185 Å3). This fragment also targeted site 

sID βIV (colchicine site).  

It is well known that human cells express different αβ-tubulin isotypes encoded by several α- and β-

tubulin genes (reviewed in (Ludueña, 1998)). We thus wondered whether the residues that form our 

identified fragment sites differ between tubulin isotypes. Interestingly and as documented in Table 

S3, we found at least one isotype-specific residue substitution in all fragment-binding sites.  
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Comparison between pockets and sites 

How do the results of our computational- and crystallography-based approaches compare? As 

documented in Table 1, Table S1 and Table S3, we obtained a good agreement for most of the pockets 

and sites. In particular: pID βI → β-tubulin half-site of extended sID βαIII, pID βIII and βIV→ sID βIV, 

pID βV and βXI → sID βII, pID βVIII → sID βI, pID αIV → sID αII, pID αVI → β-tubulin half-site of the 

extended sID βαIII, and pID αIX → sID αI. However, others were revealed only by either of the two 

methods, which can be explained, for example, by the following reasons: (i) pockets whose access is 

hindered by the RB3 and TTL bound to the tubulin dimers in the T2R-TTL complex (pID βVII, αI and αII) 

are occluded for fragment binding; (ii) pockets that are too small (pID βIX) cannot accommodate the 

average ~200 Da size of the fragments tested; (iii) composite sites that are located at the β-tubulin-α-

tubulin tubulin inter-dimer interface in the T2R-TTL complex and which involve binding of elements 

from both tubulin monomers (sIDs βαI, βαII, and parts of βαIII) are not considered in our 

computational strategy; (iv) shallow surface sites (sID βIII) are not detected by our computational 

algorithm due to the selected probe radii; (v) sites that are induced upon fragment binding (sID βV) 

and do not persist in the absence of a ligand are not readily detectable in MD simulations.  

We observed differences in how the two methods detected known drug-binding sites in tubulin (Table 

1, Table S1 and Table S3). For example, and in contrast to our computational analysis, our fragment 

screen did not detect the maytansine site pharmacophore (Prota et al., 2014a) and the 

laulimalide/peloruside site. This could be due to a possible mismatch in terms of chemical properties, 

sizes, and shapes between the fragments and these sites. Furthermore, the pironetin site was not 

detected by both methods, which can be explained by the fact that pironetin binds covalently to α-

tubulin by an induced fit mechanism (Prota et al., 2016; Yang et al., 2016). Nine out of the 12 

computationally predicted pockets in α-tubulin were not targeted by any of the fragments, which can 

be explained, for example, that the chemical space of the fragment library used was limited, that these 

pockets are not druggable, and/or that the crystallization conditions used prevented fragment 

binding.  
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Analysis of tubulin-tubulin and tubulin-protein interactions 

 

Figure 4. Analysis of tubulin-tubulin contact points. 

In the center of the figure, both the β-tubulin (βTub1, light gray) and the α-tubulin (αTub2, dark gray) 
chains forming the longitudinal inter-dimer contact along a protofilament in a microtubule (PDB ID 
3JAR) are shown in surface representation. The computationally predicted pockets and experimentally 
determined fragment sites, which are involved in tubulin-tubulin contacts either along or across 
protofilaments in microtubules are highlighted in the same color as in Figure 1 and Figure 2. The 
surrounding panels show close up views of all contact points. The interacting secondary structural 
elements of neighboring tubulin monomers in the microtubule lattice are shown in brown ribbon 
representation. See also Table S4.  

 

We wondered whether our combined computational and crystallographic approach also detected 

structurally characterized interactions between tubulin subunits and between tubulin and protein 
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partners. For this, we use the term “contact point” to distinguish it from a computationally predicted 

“pocket” or a crystallographically determined “site” (see above). To this end, we first analyzed 

homotypic interactions between tubulin dimers as they occur in the microtubule lattice (Zhang et al., 

2015). We then inspected heterotypic interactions of tubulin and microtubules with protein partners, 

whose complex structures were determined to high resolution either by X-ray crystallography or cryo-

electron microscopy (www.rcsb.org). The results of our analysis are illustrated in Figure 4, Figure 5 

and Figure 6, and summarized in Table 1, Table S4 and Table S5.  

A computationally predicted pocket involved in a major lateral inter-tubulin dimer interaction is pID 

αVII, which represents the contact point accommodating the αM-loop of an adjacent α-tubulin 

monomer across protofilaments in the microtubule lattice. Pocket pID αI in turn is involved in a 

longitudinal intra-tubulin dimer contact by accommodating the βH10-βS9 loop of a neighboring 

β-tubulin monomer along a protofilament. Two fragment sites were identified as contact points 

mediating major longitudinal inter-tubulin dimer interactions. (i) The α- and β-tubulin half sites of sID 

βαII accommodate helix βH3’ and loop βT3, and helix αH8 of neighboring β- and α-tubulin monomers, 

respectively. (ii) The α- and β-tubulin half sites of sID βαIII accommodate loop βT5, and helix αH10, 

strand αS9, and loop αH10-αS9 of neighboring β- and α-tubulin monomers, respectively.  

Concerning contact points of tubulin and microtubules with protein partners, we noted that the 

computationally predicted pockets pID αI and αII are located close to the region that is bound by the 

tubulin modifying enzyme TTL (Prota et al., 2013b). In addition, pockets pID αV and αVI are targeted 

by the TOG domain of the microtubule polymerase Stu2/Alp14 (Nithianantham et al., 2018) and the 

N-terminal β-hairpin of the stathmin-like domain of the tubulin sequestering protein RB3 (Ravelli et 

al., 2004), respectively. Two fragment sites, sID βI and βαI interact with the wedge and ridge domain 

of the spindle assembly factor TPX2 (Zhang et al., 2017), respectively. Site sID βV is targeted by the 

microtubule-binding domain of the dynein motor heavy chain (Redwine et al., 2012; Lacey et al., 2019) 

and the PN2-3 domain of the centrosomal protein CPAP (Sharma et al., 2016). We further found that 

sID βαI interacts with the motor domains of Ustilago maydis kinesin-5 (von Loeffelholz and Moores, 

2019) and kinesin-13 (Wang et al., 2017; Benoit et al., 2018; Trofimova et al., 2018), two family 

members of kinesin microtubule depolymerases, as well as with the R1 and R2 repeats of the 

microtubule-stabilizing protein tau (Kellogg et al., 2018). Finally, the synthetic protein binders iE5 

alphaRep (Campanacci et al., 2019b) and DARPins 1 and 2 (Pecqueur et al., 2012; Ahmad et al., 2016) 

bind to the α-tubulin half site of sID βαI and the β-tubulin half site of sID βαIII, respectively, and pocket 

pID αVII is targeted by the artificial protein binder iiiA5 alphaRep (Campanacci et al., 2019a). The α–
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tubulin half site of sID βαIII is in addition also targeted by the stathmin-like domain of RB3 (Ravelli et 

al., 2004).  

We found a few cases where protein partners did not bind to one of the computationally predicted 

tubulin pockets or crystallographic fragment sites. These are the motor domains of motile kinesins 

(Gigant et al., 2013; Atherton et al., 2014), the CH domains of end binding proteins (EBs) (Maurer et 

al., 2012; Zhang et al., 2015), the CKK domain of the microtubule minus-end-targeting proteins 

CAMSAPs(Atherton et al., 2017), the spectrin domain of the protein regulator of cytokinesis 1 (PRC1) 

(Kellogg et al., 2016), the second and third helical motifs of the chlamydial type three secretion 

effector protein CopN (Campanacci et al., 2019a), the vasohibin-SVBP complex (Li et al., 2020), and 

two synthetic protein binders (Campanacci et al., 2019a; Campanacci et al., 2019b). With the 

exception of latter two types of synthetic proteins, all these interactions are mediated through large 

shallow, composite binding sites formed either at the intra-tubulin dimer interface or at inter-tubulin 

dimer interfaces formed between two or four tubulin dimers in the microtubule lattice. They are thus 

difficult to be detected by either of our two methods used.  
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Figure 5. Analysis of tubulin-protein contact points (part 1). 
In the center of the panel, the structure of the two tubulin heterodimers αTub1-βTub1 and αTub2-
βTub2 of the T2R-TTL complex are depicted in surface representation; the α- and β-tubulin monomers 
are colored in dark and light gray, respectively. The computationally predicted pockets and 
experimentally determined fragment sites, which are targeted by protein partners are represented 
and colored as in Figure 1 and Figure 2. Protein partners are shown in light green ribbon 
representation. The surrounding panels show close up views of all interaction sites; the views in the 
individual panels differ in orientation from the central overview. The following PDB IDs were used for 
the analysis: 5ITZ (CPAP), 6B0I (kinesin-13), 6MZG (Alp14), 5LXT (TTL), 6BJC (TPX2), 6CVN (tau), and 
6RZA (dynein). See also Table S5.  
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Figure 6. Analysis of tubulin-protein contact points (part 2). 

In the center of the panel, the structure of the two tubulin heterodimers αTub1-βTub1 and αTub2-
βTub2 of the T2R-TTL complex are depicted in surface representation; the α- and β-tubulin monomers 
are colored in dark and light gray, respectively. The computationally predicted pockets and 
experimentally determined fragment sites, which are targeted by protein partners are represented 
and colored as in Figure 1 and Figure 2. Protein partners are shown in light green ribbon 
representation. The surrounding panels show close up views of all interaction sites; the views in the 
individual panels differ in orientation from the central overview. The following PDB IDs were used for 
the analysis: 5EYP (DARPin), 5MM7 (kinesin-5), 5LXT (RB3), 6GX7 (iiiA5 alphaREP), and 6GWC (iE5 
alphaRep). See also Table S5.  
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Discussion 

Our combined computational and crystallographic fragment screening approach identified a total of 

27 distinct binding sites in tubulin. Notably, all major known tubulin-drug binding sites were readily 

detected. Furthermore, several key contact points between tubulin in the microtubule lattice as well 

as between tubulin and secondary structural elements of regulatory protein partners were revealed. 

Importantly, our analysis disclosed 18 sites that are not targeted by any of the antitubulin drugs that 

have been structurally characterized to date. 11 out of those (four in α-tubulin and seven in β-tubulin) 

are also not targeted by any structurally characterized protein partner and thus represent completely 

new sites. Our method further revealed an intricate, dynamic communication network between 

different pockets located also remote from each other in both tubulin monomers. Finally, we 

identified 56 chemically diverse fragments that target a total of 10 different sites in tubulin.  

It is notable that the vast majority of structurally characterized ligands and protein partners were 

found to target β-tubulin. The preference for β-tubulin over α-tubulin could be explained by the fact 

that the GTP hydrolysis cycle takes place on β-tubulin, making this monomer a favorable target for 

interfering with microtubule dynamics. A question has thus been whether α-tubulin can also be 

considered as a target for the development of small molecule modulators of microtubule dynamics. 

Our analysis indeed identified several sites in and fragments able to bind to α-tubulin. It revealed 

further several fragment sites whose residue composition differ amongst tubulin isotypes, which 

offers a basis for isotype-selective ligand design. This finding is particularly interesting in the context 

of chemotherapy since a widely recognized resistance mechanism against anticancer tubulin-targeting 

agents is the upregulation of specific tubulin isotypes by cancer cells (Kavallaris, 2010). Finally, to the 

best of our knowledge the so far structurally characterized ligands and proteins that target tubulin do 

not display any overlapping binding sites, which is rather surprising. Our crystallographic fragment 

screen now revealed four sites that are targeted by both fragments and secondary structural elements 

of major cellular microtubule regulators including tau, dynein, kinesin-13, kinesin-5, TPX2, and 

CPAP/SAS-4.  

In conclusion, our analysis provides a comprehensive description of the shape, chemical property and 

dynamics of small molecule-binding sites in tubulin. Until now, drug discovery efforts were directed 

towards interfering with microtubule dynamics. Our results not only offer a platform for the 

innovative design of more selective antitubulin ligands with novel mechanisms of action, they also 

provide a structural basis for the design of inhibitors of tubulin-protein interactions. In more general 

terms, our study offers a framework that may help identifying new ligand-binding sites in any other 

pharmaceutically relevant target and characterize them in terms of chemical tractability and allosteric 

modulation.  
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Supplementary information to chapter 2 

Supplementary materials and methods 

I. Molecular dynamics (MD) simulation 

System preparation. The starting structure of the αβ-tubulin heterodimer for the simulation was 

extracted from the high-resolution X-ray crystal structure of a protein complex consisting of two αβ-

tubulin dimers, the stathmin-like domain of RB3 and tubulin tyrosine ligase (chains C and D of PDB ID 

4I4T). The taxane site ligand as well as the calcium and chloride ions were removed. The model 

contained GTP and GDP molecules bound to the α- and β-tubulin monomers, respectively, as well as 

their associated Mg2+ ions and their coordinating water molecules. The resulting structure possessed 

440 out of 451 residues of α-tubulin (UniProtKB ID P81947) and 431 out of 445 residues of β-tubulin 

(UniProtKB ID Q6B856). Missing residues belonging to the intrinsically disordered C-terminal tails of 

α- and β-tubulin were not modeled. Residue protonation states were evaluated at pH 7.0 using the 

Protein Preparation Wizard tool (Sastry et al., 2013) implemented in the Schrödinger 2015-2 suite, and 

then assigned by visual inspection. A trial protonation at 6.5 (i.e., the pH value of the crystallization 

condition used for the crystallographic fragment screen; see below) was also carried out, which 

showed that there is no difference in protonation states between pH 7.0 and 6.5. The αβ-tubulin 

heterodimer structure was solvated with the TIP3P-model (Jorgensen et al., 1983) for water molecules 

in a truncated octahedron box using 12 Å as minimum distance between the protein and the box 

edges. The system was neutralized by adding Na+ ions resulting in a total of 123’776 atoms. The 

atomistic force field Amber-ff99SB-ILDN (Lindorff-Larsen et al., 2010) was used for all simulations. 

Parameters for Mg2+ ions and the GTP and GDP molecules were developed by Allner et al. (Allner et 

al., 2012) and Meagher et al. (Meagher et al., 2003), respectively. The αβ-tubulin heterodimer system 

was assembled with the LEaP tool implemented in the AmberTools 14 software package (Case et al., 

2014). Resulting coordinates and topology files have been converted to GROMACS file formats with 

ACPYPE (Wang et al., 2006). 

MD simulations. MD simulations were performed with GROMACS 4.6.7 (Pronk et al., 2013). The αβ-

tubulin heterodimer system was energy minimized using 5’000 cycles of the steepest descent 

algorithm. Subsequently, the system was equilibrated in four different stages using the V-rescale 

thermostat (Bussi et al., 2007) and the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) with 

a relaxation time τ of 2 ps and 0.1 ps, respectively, to keep the system at the desired target 

temperatures and pressure. The first three stages were run for 100 ps each in the NVT ensemble with 

an integration time step of 1 fs at the increasing temperature values of 100, 200, and 300 K. For the 



49 
 

two initial stages, backbone heavy atoms were harmonically restrained with a force constant of 1’000 

kJ/mol/Å2. The last stage was run in the NPT ensemble for 1 ns with an integration time step of 1 fs. 

Bonds involving hydrogen atoms were restrained with the LINCS algorithm (Hess et al., 1997). A short-

range, non-bonded cut-off of 9 Å was applied, whereas long-range electrostatics were treated with 

the particle mesh Ewald (PME) method (La Sala et al., 2017). Periodic boundary conditions (PBC) were 

applied. After the equilibration stage, a 1.1 µs-long MD simulation was conducted with an integration 

time step of 2 fs in the NPT ensemble at a target temperature and pressure of 300 K and 1 atm, 

respectively.  

Binding pocket analysis. Pockets were identified and tracked over the 1.1 µs of MD simulation by 

means of the Pocketron (La Sala et al., 2017) module implemented in the BiKi Life Sciences software 

suite (www.bikitechnologies.com) (Decherchi et al., 2018). The two tubulin monomers were treated 

separately and the nucleotides, the ions, and the water molecules were removed prior to starting the 

calculation. Pocket detection is based on the solvent excluded surface concept (Connolli, 1983), and 

performed by rolling a spherical probe of a specific radius over the van der Waals surface of the 

biomolecular system (La Sala et al., 2017). Pockets are then identified by calculating the volumetric 

difference between the regions enclosed by two different solvent excluded surfaces, generated using 

two different probe radii. In our analysis, we selected the default values of 1.4 and 3.0 Å for the probe 

radii, and, additionally, the equivalent of five water molecules as cutoff value for the minimum 

detectable volume (i.e., 34.5 Å3). These settings have been chosen in order to filter the output and 

retrieve only those pockets that can be considered as potential fragment or small-molecule ligand 

binding sites. Because the contact between the α- and β-tubulin monomers generates a large rim, we 

noticed that, using our analysis criteria, many different pockets at the interface were detected as one 

extended entity. For this reason, we analyzed the α- and β-tubulin monomers independently from 

each other. Furthermore, only pockets that were persistent for at least 30 % during the entire 

simulation or are not located at the intra-dimer interface of αβ-tubulin were taken into account. One 

pocket involved the actual, artificial C-terminus of the β-tubulin structure (see above); it was thus not 

further considered. 
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II. Protein preparation, crystallographic fragment screening and structure refinement 

Protein purification and T2R-TTL complex formation was performed as previously described (Prota et 

al., 2013a; Prota et al., 2013b). To produce T2R-TTL complex crystals, 400 nL drops at a 1:1 

protein:reservoir ratio were set up in MRC3 vapor-diffusion plates (Swissci AG) at 20°C in a precipitant 

solution consisting of 2% PEG 4K, 4 % glycerol, 30 mM MgCl2, 30 mM CaCl2, 100 mM MES/imidazole, 

pH 6.5, 5 mM L-tyrosine.  

Suitable drops for fragment screening were chosen using the TeXRank software package (Ng et al., 

2014). An Echo 550 instrument (Labcyte) was used to dispense the DSI-poised fragment library          

(Cox et al., 2016) (see also https://www.diamond.ac.uk/Instruments/Mx/Fragment-

Screening/New_Fragment-Libraries/DSi-Poised-Library.html). To the best of our knowledge, none of 

the fragments present in this library are known to bind to tubulin. Fragments were dispensed into the 

selected crystal drops to a final concentration of 100 mM fragment and 20% DMSO. After 1h soaking 

time, the crystals were mounted on loops using the Crystal Shifter Device (Oxford Lab Technologies) 

and subsequently cryo-cooled in liquid nitrogen. Native data sets were collected at 100 K at beamline 

I04-1 at the Diamond Light Source (Harwell Science and Innovation Campus, Didcot, UK). Data were 

processed using autoPROC (Vonrhein et al., 2011).  

Structures were determined by the difference Fourier method using the phases of the T2R-TTL complex 

(PDB ID 5LXT) in the absence of ligands and solvent molecules as a starting point for refinement. The 

models were first fitted by several cycles of rigid body refinement followed by simulated annealing 

and restrained refinement in Phenix (Adams et al., 2010). Well defined electron densities at contour 

levels of both 1.0 σ (2mFo-DFc) and 3.0 σ (mFo-DFc) and 50% occupancy upon refinement were chosen 

as selection threshold for modeling the bound fragments. Ligands were built with Coot’s Lidia and the 

resulting models were further improved using Coot (Emsley and Cowtan, 2004). MolProbity was used 

to assess the quality of the structures (Davis et al., 2004). Chains in the T2R-TTL complex were defined 

as follows: chain A, α1-tubulin; chain B, β1-tubulin; chain C, α2-tubulin; chain D, β2-tubulin; chain E, 

RB3; chain F, TTL.  

Structure visualization, molecular editing and figure preparation were performed with the PyMOL 

molecular graphics system (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC). 

Fragment volumes were calculated using the volume_calc.py script of the Schrödinger Suite. Notably, 

two fragments bound to a site formed at the interface between the RB3 and α2-tubulin and another 

fragment bound to a site located between α2-tubulin and a symmetry related tubulin molecule in the 

crystal. These three fragments were not further considered for our analysis and denoted as X1 and X3 
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in Table S3. In addition, three fragments have a second binding site formed by a symmetry related 

tubulin or TTL, which was not counted as an additional binding site. No fragments bound to TTL. 

 

III. Analysis of tubulin-tubulin and tubulin- or microtubule-protein contact points 

The Protein Data Bank (PDB) was exhaustively searched for tubulin and microtubule structures with a 

resolution <4.5 Å for X-ray crystallography structures and <8 Å for cryo-electron microscopy 

structures. For the tubulin-tubulin contact point analysis in the context of the microtubule lattice, we 

superimposed the α- or β-tubulin monomers of the T2R-TTL complex onto the corresponding ones in 

a microtubule. Residues within 4 Å distance from an adjacent tubulin monomer in the microtubule 

lattice were then identified using PyMOL and compared to the residues forming a computationally 

predicted pocket or an experimentally determined fragment site. For the tubulin- and microtubule-

protein contact point analysis, we superimposed the α- or β-tubulin monomers of the T2R-TTL complex 

onto the tubulin monomers to which a protein partner was bound. Subsequently, the same analysis 

as for tubulin-tubulin contact points was performed. A contact-point overlap is considered in cases 

where >20% of the residues forming a pocket or site are at a maximal distance of 4 Å from interacting 

residues of a binding partner (i.e., α-tubulin, β-tubulin or protein partner). Superimposition of 

“curved” onto “straight” tubulin structures was performed as previous reported (Ravelli et al., 2004) 

by including only residues of the corresponding N- and C-terminal domains of a tubulin monomer. 
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Supplementary figures and tables 

 

Figure S1. MD simulation.  

Calculated root mean square deviations (RMSD) of the Cα atoms of the αβ-tubulin heterodimer from 
the initial X-ray structure plotted as a function of time with (red) and without (blue) the H1-S2, M, and 
S9-S10 loops of both tubulin monomers. The lighter color represents the effective sampling of the 
RMSD during the simulation, whereas the darker lines have been obtained to approximate the data 
with a Bezier curve in order to cut off noise.  
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Figure S2. Electron densities of T2R-TTL-fragment complex structures. 

For each fragment, the location of the fragment within the two αβ-tubulin heterodimers of the T2R-
TTL complex is shown on the left. For simplicity, the RB3 and TTL molecules were omitted. The α- and 
β-tubulin monomers are shown in ribbon representation and colored in dark and light gray, 
respectively. Fragments are shown in orange sphere representation. Electron-density maps of the 
fragments are shown on the right. The SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc 
(light green mesh) omit maps are contoured at +1.0 σ and +3.0 σ, respectively. The map calculations 
excluded the atoms of the ligand.  
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Figure S3. Chemical structures of fragments. 

The chemical structures of the 59 fragments identified in our crystallographic screen are ordered by 
sIDs and fragment IDs (see also Table S2 and Table S3). Fragments binding as pairs two times to the 
same site and/or binding to another sID are labeled accordingly. Identical fragment moieties that were 
experimentally found to interact in a similar manner with residues forming a site are defined as 
common “binding motif” and are highlighted in blue (see also Figure 3).  
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Table S1. Tubulin pockets predicted by MD simulation. 

β-Tubulin 

pID 1 
Max. 

volume 2 
(Å3) 

SS 3 ResID 4 
(p > 20 %) 

Average 
Volume 5 

(Å3) 

Persistency 6 
(%) Notes 

βI 271.5 βT5 
βH5 
βH11 

βPro 173 (β-ns) 
βSer 174 (β-ns) 
βPro 175 
βSer 178 (β-ns) 
βThr 180 
βVal 181 
βGlu 183 (β-ns) 
βPro 184 
βArg 390 
βIle 391 
βGln 394  

111.2 58 Part of the maytansine site 
where the C15-C33 moiety of 
plocabulin binds 
 
Equivalent to pID αI 
 

β-ns 738.5 βH1 
βS4 
βT4 
βS5 
βT5 
βH5 
βH6 
βH7 

βGln 11 (βII) 
βCys 12 (βII) 
βGln 15 (βVI) 
βIle 16 
βSer 140 (βII) 
βGly 142 
βVal 171 
βPro 173 (βI) 
βSer 174 (βI) 
βVal 177 
βSer 178 (βI) 
βGlu 183 (βI) 
βAsn 206 
βLeu 209 
βTyr 224 
βLeu 227 
βAsn 228 
βVal 231 

223.4 87 Occupied with GDP 

βII 736.5 βS1 
βH1 
βS2 
βT2 
βS4 
βT4 
βH4 

βAla 9 
βGly 10 
βGln 11 (β-ns) 
βCys 12 (β-ns) 
βGly 13 
βAsp 69 
βGlu 71 
βGly 98 
βAla 99 
βGly 100 
βAsn 101 
βSer 140 (β-ns) 
βGly 143 
βGly 144 
βThr 145 
βGly 146 

201.4 99 γ-phosphate site of the 
guanosine nucleotide 
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βIII 757.9 βS4 
βS5 
βH5-S6 
βS6 
βH7 
βT7 
βH8 
βS7 
βS8 
βS10 

βGln 136 
βIle 165 
βAsn 167 
βPhe 169 
βAsp 199 
βGlu 200 
βTyr 202 
βGly 237 
βVal 238 
βThr 239 
βThr 240 
βCys 241 
βLeu 242 
βLeu 248 (βIV) 
βAsn 249 
βAsp 251 
βLeu 252 
βLeu 255 (βIV) 
βAla 256 
βMet 259 (βIV) 
βVal 260 
βPhe 268 
βAla 316 (βIV) 
βIle 318 
βIle 378 

302.1 100 Part of the colchicine site 
 

βIV 588.6 βT7 
βH8 
βS8 
βH10-S9 
βS9 

βLeu 248 (βIII) 
βLeu 255 (βIII) 
βAsn 258 
βMet 259 (βIII) 
βThr 314 
βVal 315 
βAla 316 (βIII) 
βIle 347 
βPro 348 
βAsn 349 
βAsn 350 
βVal 351 
βLys 352 

137.0 70 Part of the colchicine site 
 
Equivalent to pID αVI 
 

βV 912.8 βH1 
βS7 
βM 
βS8 
βS9-S10 
βS10 

βLys 19 (βVI) 
βVal 23 
βGly 225 
βAsn 228 
βHis 229 
βLeu 230 
βSer 232 
βAla 233 
βSer 236 
βGly 237 
βPhe 272 
βPro 274 (βXI) 
βLeu 275 

324.7 98 Part of the taxane site 
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βThr 276 (βXI) 
βSer 277 
βArg 278 
βGly 279 
βSer 280 
βGln 281 (βXI) 
βGln 282 
βTyr 283 
βArg 320 
βPro 360 
βArg 369 
βGly 370 
βLeu 371 (βXI) 
βSer 374 
βThr 376 

βVI 633.3 βH1 
βH2 
βH2-S3 

βGln 15 (β-ns) 
βAla 18 
βLys 19 (βV) 
βGlu 22 
βSer 77 
βVal 78 
βSer 80 
βPro 82 
βPhe 83 
βGly 84 

98.8 52 Unknown pocket 
 
Mediating communication 
between β-ns and the taxane 
site 
 
Equivalent to pID αIV 
 

βVII 230.0 βH3 
βH5 
βH11-
H12 
βH12 

βTrp 103 
βTyr 108 
βLeu 189 
βHis 192 
βGln 193 
βMet 413 
βGlu 417 
βGlu 420 
βAla 421 

83.4 32 Unknown pocket 

βVIII 673.9 βH6 
βH9-S8 

βAla 208 
βAsp 211 
βIle 212 
βArg 215 
βThr 216 
βSer 298 (βX) 
βLys 299 
βMet 301 (βX) 
βAla 303 
βAla 304 
βCys 305 

109.8 57 Unknown pocket 
 
 

βIX 144.1 βT2 
βT3 
βH3 

βLeu 70 
βGly 95 
βGln 96 
βSer 97 
βGlu 110 
βGlu 113 

78.3 31 Unknown pocket 
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βLeu 114 
βX 529.3 βS7 

βH9 
βH9-S8 
βS8 
βS10 

βMet 269 
βMet 295 
βPhe 296 
βAsp 297 
βSer 298 (βVIII) 
βMet 301 (βVIII) 
βPro 307 
βArg 308 
βTyr 312 
βPhe 377 

123.6 46 Part of the 
laulimalide/peloruside site 
 
Equivalent to pID αXI 

βXI 753.6 βM 
βS9-S10 
βS10 

βPro 274 (βV) 
βThr 276 (βV) 
βGln 281 (βV) 
βGln 282 
βTyr 283 
βArg 284 
βAla 285 
βLeu 286 
βGly 370 
βLeu 371 (βV) 
βLys 372 
βMet 373 

140.3 41 Part of the taxane site 

X1 441.4 βH9-S8 
βH11 
βH12 

βHis 309 
βGly 310 
βAla 383 
βGln 385 
βGlu 386 
βGln 436 
βThr 439 

113.2 31 Most likely an artifact as it 
involves the actual C-
terminus of the used β-
tubulin structure 
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α-Tubulin 

pID 1 
Max. 

volume 2 
(Å3) 

SS 3 ResID 4 
(p > 20 %) 

Average 
Volume 5 

(Å3) 

Persistency 6 
(%) Note 7 

αI 936.0 αS5 
αT5 
αH5 
αS6 
αH6 
αH9-S8 
αH11 

αTyr 172 (α-ns) 
αPro 173 (α-ns) 
αAla 174 (α-ns) 
αPro 175 
αSer 178 (α-ns) 
αAla 180 (α-ns) 
αVal 181 (α-ns) 
αGlu 183 
αPro 184 
αSer 187 
αAsp 205 (αII) 
αGlu 207 (αII) 
αLys 304 (αII) 
αCys 305 (αII) 
αAla 387 (αII) 
αArg 390 (αII) 
αLeu 391 (αII) 
αLys 394 (αII) 
αLeu 397 
αMet 398 

246.6 86 Unknown pocket 
 
Equivalent to pID βI 
 
Merges with pID αII 

α-ns 1020.4 αH1 
αS2 
αT2 
αH2 
αT3   
αS4 
αT4 
αH4 
αS5 
αT5 
αH5 
αH6 
αH7 

αGly 10 
αGln 11 
αAla 12 
αGln 15 (αIV) 
αIle 16 
αAsp 69 
αGlu 71 
αThr 73 
αVal 74 
αAsp 98 
αAla 99 
αAla 100 
αAsn 101 
αSer 140 
αPhe 141 (αII) 
αGly 142 
αGly 143 
αGly 144 
αThr 145 
αGly 146 
αIle 171 
αTyr 172 (αI) 
αPro 173 (αI) 
αAla 174 (αI) 
αVal 177 
αSer 178 (αI) 
αThr 179 

519.6 100 Occupied with GTP 
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αAla 180 (αI) 
αGlu 183 (αI) 
αAsn 206 
αTyr 224 (αIV) 
αLeu 227 
αAsn 228 (αIV) 
αIle 231 

αII 945.1 αT4 
αS5 
αS6 
αH6 
αH8-S7 
αS7 
αH9-S8 
αS10-
H11 
αH11 

αPhe 141 (α-ns) 
αTyr 172 
αMet 203 
αVal 204 
αAsp 205 (αI) 
αGlu 207 (αI) 
αPhe 267 (αIII) 
αPro 268 
αLeu 269 (αXI) 
αAla 270 (αXI) 
αVal 303 (αXI) 
αLys 304 (αI) 
αCys 305 (αI) 
αAsp 306 
αPro 307 (αXI) 
αHis 309 
αAla 383 
αIle 384 
αGlu 386 
αAla 387 (αI) 
αTrp 388 (αIII) 
αArg 390 (αI) 
αLeu 391 (αI) 
αLys 394 (αI) 

327.7 77 Merges with pID αI 
 

αIII 924.9 αH5 
αH8-S7 
αH11 

αThr 191 
αHis 192 
αLeu 195 
αGlu 196 
αPro 263 
αArg 264 
αHis 266 
αPhe 267 (αII) 
αTrp 388 (αII) 
αAsp 424 
αLeu 428 
αTyr 432 

125.3 62 Unknown pocket 

αIV 541.4 αH1 
αH2 
αH2-S3 
αH7 

αGln 15 (α-ns) 
αAsn 18 
αAla 19 
αGlu 22 (αX) 
αGlu 77 
αVal 78 
αThr 82 
αTyr 83 (αX) 

148.2 69 Unknown pocket 
 
Equivalent to pID βVI 
 
Communicates with α-ns 
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αTyr 224 (α-ns) 
αThr 225 (α-ns) 
αAsn 228 
αArg 229 

αV 
 

649.6 αM 
αS9-S10 
αS10 

αPro 274 (αIX) 
αIle 276 (αXII) 
αLys 280 
αAla 281 
αTyr 282 
αHis 283 
αGlu 284 
αGln 285 
αLeu 286 
αAla 369 (αXII) 
αLys 370 
αVal 371 (αXII) 
αGln 372 
αArg 373 

136.6 51 
 

Unknown pocket 
 
Communicates with pID αXII 
 

αVI 
 

496.7 αH8 
αH8-S7 
αS8 
αH10-S9 
αS9 

αAsn 258 
αPro 261 
αMet 313 
αAla 314 
αCys 315 
αPhe 343 
αCys 347 
αPro 348 
αGly 350 
αPhe 351 
αLys 352 

115.4 52 Unknown pocket 
 
Equivalent to pID βIV 

αVII 507.0 αH1-S2 
αH2-S3 
αH3 

αSer 54 
αGlu 55 
αThr 56 
αVal 62 
αPro 63 
αArg 64 
αHis 88 
αGlu 90 
αGln 91 
αArg 121 
αLys 124 
αLeu 125 
αGln 128 

154.2 85 Unknown pocket 

αVIII 744.8 αH1 
αH1-H1’ 
αH7 
αS8 
αS9-S10 

αLeu 26 (αX) 
αGlu 27 
αThr 41 
αIle 42 
αGly 43 
αGly 44 
αPhe 244 
αArg 320 
αGln 358 

162.8 51 Unknown pocket 
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αPro 359 
αPro 360 
αThr 361 
αLys 370 

αIX 439.8 αH6 
αS7 
αM 
αH9 
αH9-S8 

αIle 212 
αAsn 216 
αTyr 272 
αAla 273 
αPro 274 (αV) 
αVal 275 
αAla 294 
αAsn 300 

100.9 30 Unknown pocket 
 
 

αX 508.9 αH1 
αH1-H1’ 
αH2-S3 
αS9-S10 

αGlu 22 (αIV) 
αCys 25 
αLeu 26 (αVIII) 
αIle 30 
αGln 31 
αPro 32 
αTyr 83 (αIV) 
αPro 364 

122.8 30 Unknown pocket 

αXI 689.0 αS7 
αH9 
αH9-S8 
αS8 
αS10 

αLeu 269 (αII) 
αAla 270 (αII) 
αThr 271 
αCys 295 
αPhe 296 
αGln 301 
αVal 303 (αII) 
αPro 307 (αII) 
αArg 308 
αTyr 312 
αMet 377 
αSer 379 

114.6 51 Unknown pocket 
 
Equivalent to pID βX 
 

αXII 392.5 αH7 
αS7 
αM 
αS9-S10 

αGln 233 
αTyr 272 
αPro 274 
αVal 275 
αIle 276 (αV) 
αPro 360 
αThr 361 
αVal 362 
αLeu 368 
αAla 369 (αV) 
αVal 371 (αV) 

80.0 32 Unknown pocket 
 
Equivalent to pID βV 
 
Communicates with pID αV 
 

1Pocket identifiers. ns, nucleotide site. 
2Maximal pocket volume during the simulation.  
3Secondary structural elements involved in pocket formation.  
4Residues involved in pocket formation in >20 % of the time during the simulation. Residues involved 
in a pocket communication network are highlighted in bold; the adjacent pocket that shares the same 
residue is given in parenthesis.  
5Average pocket volume during the simulation.  
6Persistency of the pocket during the simulation.  
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Table S2. Data collection and refinement statistics. 
Fragment ID Fragment 01 Fragment 02 

Name 
Tubulin-Z1891773393-
complex 

Tubulin-Z2142244288-
complex 

PDB ID 5S4L 5S4M 

Wavelength 0.91587 A 0.91587 A 
Resolution range 62.73  - 2.3 (2.382  - 2.3) 62.5  - 2.15 (2.227  - 2.15) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.37 159.78 178.97 90 90 
90 

104.67 157.87 179.17 90 90 
90 

Total reflections 912076 (93794) 1076958 (102804) 
Unique reflections 133967 (13209) 159332 (15957) 
Multiplicity 6.8 (7.1) 6.8 (6.4) 
Completeness (%) 99.55 (99.35) 98.63 (99.56) 
Mean I/sigma(I) 14.52 (1.07) 9.51 (0.55) 
Wilson B-factor 55.46 55.01 
R-merge 0.08295 (1.595) 0.1103 (2.653) 
R-meas 0.08987 (1.72) 0.1196 (2.889) 
R-pim 0.03427 (0.6397) 0.04575 (1.13) 
CC1/2 0.999 (0.53) 0.998 (0.227) 
CC* 1 (0.832) 1 (0.608) 

Reflections used in refinement 133797 (13209) 159138 (15957) 

Reflections used for R-free 6625 (636) 7882 (853) 

R-work 0.2023 (0.3218) 0.2061 (0.3642) 
R-free 0.2354 (0.3448) 0.2433 (0.3829) 
CC(work) 0.949 (0.726) 0.963 (0.515) 
CC(free) 0.912 (0.721) 0.947 (0.458) 
Number of non-hydrogen atoms 18057 18120 
  macromolecules 17491 17491 
  ligands 187 214 
  solvent 379 415 
Protein residues 2219 2219 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.52 
Ramachandran favored (%) 97.58 97.35 
Ramachandran allowed (%) 2.33 2.47 
Ramachandran outliers (%) 0.09 0.18 
Rotamer outliers (%) 0.79 0.42 
Clashscore 9.25 10.36 
Average B-factor 72.85 71.47 
  macromolecules 73.18 71.83 
  ligands 66.97 63.61 
  solvent 60.60 60.16 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 03 Fragment 04 

Name 
Tubulin-Z285782452-
complex 

Tubulin-Z48847594- 
complex 

PDB ID 5S4N 5S4O 

Wavelength 0.91587 A 0.91587 A 
Resolution range 90.81  - 2.53 (2.62  - 2.53) 72.25  - 2.3 (2.382  - 2.3) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.26 158.63 179.55 90 90 
90 

104.744 158.001 178.586 90 
90 90 

Total reflections 679218 (66501) 876897 (85587) 
Unique reflections 100754 (9822) 131799 (12424) 
Multiplicity 6.7 (6.7) 6.7 (6.6) 
Completeness (%) 99.52 (99.14) 98.29 (95.32) 
Mean I/sigma(I) 9.62 (0.71) 6.90 (2.14) 
Wilson B-factor 70.53 38.63 
R-merge 0.1256 (2.44) 0.1465 (0.7229) 
R-meas 0.1363 (2.644) 0.1591 (0.785) 
R-pim 0.0524 (1.014) 0.06156 (0.3042) 
CC1/2 0.998 (0.437) 0.987 (0.609) 
CC* 1 (0.78) 0.997 (0.87) 

Reflections used in refinement 100307 (9822) 129584 (12423) 

Reflections used for R-free 5070 (478) 1963 (188) 

R-work 0.2157 (0.3911) 0.2156 (0.3342) 
R-free 0.2573 (0.4099) 0.2616 (0.3758) 
CC(work) 0.949 (0.612) 0.951 (0.755) 
CC(free) 0.939 (0.550) 0.913 (0.680) 
Number of non-hydrogen atoms 17892 18116 
  macromolecules 17467 17455 
  ligands 220 204 
  solvent 205 457 
Protein residues 2216 2212 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.49 0.51 
Ramachandran favored (%) 95.83 97.11 
Ramachandran allowed (%) 4.08 2.89 
Ramachandran outliers (%) 0.09 0.00 
Rotamer outliers (%) 0.84 0.84 
Clashscore 13.88 10.07 
Average B-factor 91.20 45.84 
  macromolecules 91.53 46.07 
  ligands 82.23 40.56 
  solvent 72.41 39.53 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 05 Fragment 06 

Name 
Tubulin-Z275165822-
complex 

Tubulin-Z422344882-
complex 

PDB ID 5S4P 5S4Q 

Wavelength 0.91587 A 0.91587 A 
Resolution range 71.85  - 2.29 (2.372  - 2.29) 72.43  - 2.59 (2.683  - 2.59) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.246 157.049 178.157 90 
90 90 

104.743 158.302 179.614 90 
90 90 

Total reflections 876330 (84753) 617534 (61444) 
Unique reflections 131795 (12287) 93444 (9253) 
Multiplicity 6.6 (6.5) 6.6 (6.6) 
Completeness (%) 97.82 (94.23) 97.94 (95.73) 
Mean I/sigma(I) 7.03 (2.11) 7.28 (1.78) 
Wilson B-factor 45.71 52.83 
R-merge 0.1398 (0.7328) 0.1516 (0.8159) 
R-meas 0.152 (0.7969) 0.1648 (0.8852) 
R-pim 0.05906 (0.3111) 0.06398 (0.3405) 
CC1/2 0.987 (0.6) 0.976 (0.469) 
CC* 0.997 (0.866) 0.994 (0.799) 

Reflections used in refinement 128952 (12287) 91540 (8862) 

Reflections used for R-free 1962 (191) 4542 (444) 

R-work 0.2079 (0.3631) 0.2274 (0.3790) 
R-free 0.2435 (0.4013) 0.2269 (0.3983) 
CC(work) 0.943 (0.744) 0.955 (0.680) 
CC(free) 0.937 (0.865) 0.935 (0.642) 
Number of non-hydrogen atoms 18042 18008 
  macromolecules 17417 17491 
  ligands 252 187 
  solvent 373 330 
Protein residues 2208 2220 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.50 
Ramachandran favored (%) 97.06 96.07 
Ramachandran allowed (%) 2.85 3.89 
Ramachandran outliers (%) 0.09 0.05 
Rotamer outliers (%) 0.68 0.74 
Clashscore 10.45 13.91 
Average B-factor 63.70 63.29 
  macromolecules 64.06 63.61 
  ligands 56.89 58.38 
  solvent 51.64 49.14 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 07 Fragment 08 

Name 
Tubulin-Z117233350-
complex 

Tubulin-Z240297434-
complex 

PDB ID 5S4R 5S4S 

Wavelength 0.91587 A 0.91587 A 
Resolution range 62.92  - 2.35 (2.434  - 2.35) 82.08  - 2.35 (2.434  - 2.35) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.36 159.89 180.03 90 90 
90 

105.55 164.17 173.36 90 90 
90 

Total reflections 846831 (87480) 842110 (86609) 
Unique reflections 126831 (12393) 125581 (12276) 
Multiplicity 6.7 (7.0) 6.7 (7.0) 
Completeness (%) 99.51 (98.96) 98.95 (98.96) 
Mean I/sigma(I) 10.31 (0.58) 10.25 (0.56) 
Wilson B-factor 63.44 59.48 
R-merge 0.1168 (3.041) 0.1433 (3.159) 
R-meas 0.1269 (3.285) 0.1556 (3.41) 
R-pim 0.04918 (1.235) 0.06 (1.28) 
CC1/2 0.998 (0.294) 0.998 (0.344) 
CC* 1 (0.674) 0.999 (0.715) 

Reflections used in refinement 126265 (12393) 124375 (12275) 

Reflections used for R-free 6215 (612) 6072 (625) 

R-work 0.2134 (0.4484) 0.2438 (0.4883) 
R-free 0.2510 (0.4644) 0.2833 (0.4980) 
CC(work) 0.944 (0.526) 0.917 (0.549) 
CC(free) 0.898 (0.559) 0.876 (0.497) 
Number of non-hydrogen atoms 18021 17829 
  macromolecules 17477 17425 
  ligands 223 231 
  solvent 321 173 
Protein residues 2215 2209 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.51 
Ramachandran favored (%) 97.16 95.91 
Ramachandran allowed (%) 2.80 3.95 
Ramachandran outliers (%) 0.05 0.14 
Rotamer outliers (%) 0.68 0.95 
Clashscore 11.40 14.97 
Average B-factor 85.38 81.24 
  macromolecules 85.80 81.50 
  ligands 76.50 73.74 
  solvent 68.47 65.87 
Number of TLS groups 24 1 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 09 Fragment 10 

Name 
Tubulin-Z328695024-
complex 

Tubulin-Z30620520- 
complex 

PDB ID 5S4T 5S4U 

Wavelength 0.91587 A 0.91587 
Resolution range 55.85  - 2.27 (2.351  - 2.27) 55.83  - 2.39 (2.475  - 2.39) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.77 158.42 179.05 90 90 
90 

104.88 158.88 178.91 90 90 
90 

Total reflections 942226 (96448) 802428 (81811) 
Unique reflections 137784 (13560) 118587 (11681) 
Multiplicity 6.8 (7.1) 6.8 (7.0) 
Completeness (%) 99.82 (99.68) 99.77 (99.72) 
Mean I/sigma(I) 11.28 (0.69) 10.47 (0.79) 
Wilson B-factor 59.73 62.03 
R-merge 0.09587 (2.277) 0.1162 (2.18) 
R-meas 0.1039 (2.457) 0.126 (2.356) 
R-pim 0.03967 (0.9173) 0.04823 (0.8859) 
CC1/2 0.998 (0.368) 0.998 (0.405) 
CC* 1 (0.733) 1 (0.759) 

Reflections used in refinement 137572 (13560) 118409 (11681) 

Reflections used for R-free 6767 (690) 5848 (546) 

R-work 0.2066 (0.3828) 0.2108 (0.3732) 
R-free 0.2460 (0.3931) 0.2521 (0.4078) 
CC(work) 0.950 (0.619) 0.946 (0.660) 
CC(free) 0.941 (0.525) 0.940 (0.578) 
Number of non-hydrogen atoms 18020 17978 
  macromolecules 17454 17476 
  ligands 187 190 
  solvent 379 312 
Protein residues 2211 2217 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.54 
Ramachandran favored (%) 96.97 97.20 
Ramachandran allowed (%) 2.99 2.75 
Ramachandran outliers (%) 0.05 0.05 
Rotamer outliers (%) 0.73 0.89 
Clashscore 10.16 11.59 
Average B-factor 78.13 80.48 
  macromolecules 78.54 80.85 
  ligands 70.50 72.15 
  solvent 63.20 64.93 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 11 Fragment 12 

Name 
Tubulin-Z57040482- 
complex 

Tubulin-Z1416571195-
complex 

PDB ID 5S4V 5S4W 

Wavelength 0.91587 0.91587 
Resolution range 63.02  - 2.3 (2.382  - 2.3) 59.99  - 2.8 (2.9  - 2.8) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.42 158.06 178.36 90 90 
90 

105.13 160.08 178.76 90 90 
90 

Total reflections 892946 (91695) 505040 (52406) 
Unique reflections 131320 (12985) 74176 (7314) 
Multiplicity 6.8 (7.0) 6.8 (7.1) 
Completeness (%) 99.85 (99.71) 98.27 (98.88) 
Mean I/sigma(I) 11.31 (0.71) 11.37 (0.72) 
Wilson B-factor 58.47 89.2 
R-merge 0.1068 (2.448) 0.1187 (2.521) 
R-meas 0.1158 (2.642) 0.1287 (2.722) 
R-pim 0.04425 (0.9899) 0.04925 (1.019) 
CC1/2 0.999 (0.362) 0.999 (0.469) 
CC* 1 (0.729) 1 (0.799) 

Reflections used in refinement 131149 (12985) 73637 (7314) 

Reflections used for R-free 6506 (683) 3721 (374) 

R-work 0.2047 (0.3558) 0.2212 (0.4472) 
R-free 0.2422 (0.3820) 0.2682 (0.4995) 
CC(work) 0.954 (0.631) 0.928 (0.643) 
CC(free) 0.946 (0.465) 0.924 (0.534) 
Number of non-hydrogen atoms 18036 17768 
  macromolecules 17465 17491 
  ligands 194 187 
  solvent 377 90 
Protein residues 2213 2220 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.52 0.50 
Ramachandran favored (%) 97.20 95.61 
Ramachandran allowed (%) 2.66 4.34 
Ramachandran outliers (%) 0.14 0.05 
Rotamer outliers (%) 0.68 0.89 
Clashscore 11.13 13.10 
Average B-factor 76.99 116.60 
  macromolecules 77.37 116.86 
  ligands 68.05 105.48 
  solvent 63.61 88.33 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 13 Fragment 14 

Name 
Tubulin-Z2856434917-
complex 

Tubulin-Z2856434857-
complex 

PDB ID 5S4X 5S4Y 

Wavelength 0.91587 0.91587 
Resolution range 62.91  - 2.53 (2.62  - 2.53) 78.89  - 2.3 (2.382  - 2.3) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.11 159.22 180.52 90 90 
90 

104.14 157.78 178.7 90 90 90 

Total reflections 678854 (67513) 893676 (91587) 
Unique reflections 100892 (10045) 130983 (12933) 
Multiplicity 6.7 (6.7) 6.8 (7.1) 
Completeness (%) 99.19 (99.91) 99.91 (99.86) 
Mean I/sigma(I) 13.64 (0.73) 11.03 (0.62) 
Wilson B-factor 76.43 69.57 
R-merge 0.09159 (2.347) 0.08599 (2.443) 
R-meas 0.09938 (2.544) 0.09322 (2.636) 
R-pim 0.03825 (0.9771) 0.03571 (0.9838) 
CC1/2 0.999 (0.317) 0.998 (0.264) 
CC* 1 (0.693) 1 (0.646) 

Reflections used in refinement 100785 (10046) 130884 (12933) 

Reflections used for R-free 5074 (483) 6494 (675) 

R-work 0.2017 (0.3548) 0.2003 (0.3541) 
R-free 0.2448 (0.3888) 0.2377 (0.3886) 
CC(work) 0.948 (0.580) 0.958 (0.558) 
CC(free) 0.933 (0.471) 0.948 (0.395) 
Number of non-hydrogen atoms 17721 17839 
  macromolecules 17358 17419 
  ligands 208 188 
  solvent 155 232 
Protein residues 2202 2206 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.50 
Ramachandran favored (%) 96.44 97.28 
Ramachandran allowed (%) 3.42 2.53 
Ramachandran outliers (%) 0.14 0.18 
Rotamer outliers (%) 0.79 0.95 
Clashscore 12.64 11.28 
Average B-factor 96.48 85.93 
  macromolecules 96.68 86.24 
  ligands 95.21 74.40 
  solvent 76.01 71.79 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 15 Fragment 16 

Name 
Tubulin-Z28290384- 
complex 

Tubulin-Z57299526- 
complex 

PDB ID 5S4Z 5S50 

Wavelength 0.91587 0.91587 
Resolution range 63.53  - 2.1 (2.175  - 2.1) 68.25  - 3.1 (3.211  - 3.1) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.36 159.26 178.54 90 90 
90 

104.03 158.02 180.88 90 90 
90 

Total reflections 1139503 (103977) 367788 (37563) 
Unique reflections 170488 (17049) 54806 (5397) 
Multiplicity 6.7 (6.1) 6.7 (6.9) 
Completeness (%) 97.33 (98.34) 99.72 (99.72) 
Mean I/sigma(I) 12.83 (0.81) 14.43 (0.86) 
Wilson B-factor 46.6 117.79 
R-merge 0.09212 (1.857) 0.09424 (2.11) 
R-meas 0.09996 (2.035) 0.1023 (2.28) 
R-pim 0.03837 (0.8183) 0.03933 (0.8599) 
CC1/2 0.999 (0.38) 0.999 (0.418) 
CC* 1 (0.742) 1 (0.768) 

Reflections used in refinement 170339 (17049) 54689 (5397) 

Reflections used for R-free 8606 (866) 2691 (264) 

R-work 0.2052 (0.3298) 0.2077 (0.3703) 
R-free 0.2418 (0.3598) 0.2695 (0.4183) 
CC(work) 0.955 (0.664) 0.948 (0.647) 
CC(free) 0.917 (0.572) 0.932 (0.535) 
Number of non-hydrogen atoms 18285 17666 
  macromolecules 17452 17439 
  ligands 208 204 
  solvent 625 23 
Protein residues 2212 2212 
RMS(bonds) 0.002 0.003 
RMS(angles) 0.52 0.51 
Ramachandran favored (%) 97.75 96.19 
Ramachandran allowed (%) 2.16 3.81 
Ramachandran outliers (%) 0.09 0.00 
Rotamer outliers (%) 0.63 0.84 
Clashscore 8.80 14.32 
Average B-factor 60.58 136.39 
  macromolecules 60.93 136.56 
  ligands 52.70 124.83 
  solvent 53.33 109.65 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 

  



97 
 

Fragment ID Fragment 17 Fragment 18 

Name 
Tubulin-Z1251207602-
complex 

Tubulin-Z50145861- 
complex 

PDB ID 5S51 5S52 

Wavelength 0.91587 0.91587 
Resolution range 78.72  - 2.4 (2.486  - 2.4) 80.79  - 2.83 (2.931  - 2.83) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.42 157.45 179.36 90 90 
90 

105.09 161.57 174.88 90 90 
90 

Total reflections 782192 (79875) 460881 (45563) 
Unique reflections 115942 (11439) 70354 (7050) 
Multiplicity 6.7 (7.0) 6.6 (6.5) 
Completeness (%) 99.84 (99.72) 97.32 (99.91) 
Mean I/sigma(I) 11.01 (0.71) 9.50 (0.83) 
Wilson B-factor 70.37 78.39 
R-merge 0.09617 (2.339) 0.1617 (2.138) 
R-meas 0.1043 (2.527) 0.1758 (2.326) 
R-pim 0.04002 (0.9508) 0.06825 (0.9076) 
CC1/2 0.998 (0.302) 0.998 (0.259) 
CC* 1 (0.681) 0.999 (0.641) 

Reflections used in refinement 115794 (11439) 69737 (7050) 

Reflections used for R-free 5770 (541) 3561 (343) 

R-work 0.2032 (0.3536) 0.2386 (0.3785) 
R-free 0.2452 (0.3870) 0.2982 (0.4253) 
CC(work) 0.962 (0.577) 0.919 (0.493) 
CC(free) 0.936 (0.468) 0.787 (0.380) 
Number of non-hydrogen atoms 17924 17789 
  macromolecules 17491 17470 
  ligands 196 198 
  solvent 237 121 
Protein residues 2221 2218 
RMS(bonds) 0.003 0.002 
RMS(angles) 0.52 0.44 
Ramachandran favored (%) 96.34 95.05 
Ramachandran allowed (%) 3.57 4.81 
Ramachandran outliers (%) 0.09 0.14 
Rotamer outliers (%) 0.63 0.84 
Clashscore 12.21 16.68 
Average B-factor 87.58 94.40 
  macromolecules 87.89 94.78 
  ligands 79.93 77.76 
  solvent 70.62 66.41 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 19 Fragment 20 

Name 
Tubulin-Z1349163663-
complex 

Tubulin-Z2856434816-
complex 

PDB ID 5S53 5S54 

Wavelength 0.91587 0.91587 
Resolution range 62.69  - 2.75 (2.848  - 2.75) 71.96  - 2.4 (2.486  - 2.4) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.32 159.31 178.96 90 90 
90 

104.33 157.15 179.17 90 90 
90 

Total reflections 527390 (54496) 785453 (79973) 
Unique reflections 78195 (7764) 115483 (11411) 
Multiplicity 6.7 (6.9) 6.8 (7.0) 
Completeness (%) 98.47 (98.82) 99.85 (99.65) 
Mean I/sigma(I) 11.01 (0.89) 10.66 (0.67) 
Wilson B-factor 76.63 68.45 
R-merge 0.1348 (2.047) 0.101 (2.214) 
R-meas 0.1463 (2.213) 0.1095 (2.39) 
R-pim 0.05626 (0.8373) 0.04186 (0.8951) 
CC1/2 0.999 (0.604) 0.998 (0.292) 
CC* 1 (0.868) 1 (0.672) 

Reflections used in refinement 77699 (7761) 115368 (11410) 

Reflections used for R-free 3794 (385) 5755 (546) 

R-work 0.2177 (0.4132) 0.2057 (0.3444) 
R-free 0.2668 (0.4638) 0.2504 (0.3804) 
CC(work) 0.928 (0.706) 0.958 (0.582) 
CC(free) 0.951 (0.620) 0.937 (0.430) 
Number of non-hydrogen atoms 17794 17617 
  macromolecules 17491 17192 
  ligands 187 174 
  solvent 116 251 
Protein residues 2220 2182 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.51 
Ramachandran favored (%) 95.24 97.06 
Ramachandran allowed (%) 4.66 2.80 
Ramachandran outliers (%) 0.09 0.14 
Rotamer outliers (%) 0.95 0.80 
Clashscore 12.35 12.66 
Average B-factor 100.71 85.56 
  macromolecules 100.95 85.85 
  ligands 92.45 82.46 
  solvent 77.17 68.01 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 21 Fragment 22 

Name 
Tubulin-Z106307058-
complex 

Tubulin-Z2856434783-
complex 

PDB ID 5S55 5S56 

Wavelength 0.91587 0.91587 
Resolution range 62.68  - 2.3 (2.382  - 2.3) 62.66  - 2.25 (2.33  - 2.25) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.64 158.15 180.17 90 90 
90 

104.56 158.3 180.09 90 90 90 

Total reflections 902084 (92995) 970418 (99212) 
Unique reflections 132993 (13136) 141948 (14056) 
Multiplicity 6.8 (7.1) 6.8 (7.0) 
Completeness (%) 99.86 (99.78) 99.92 (99.85) 
Mean I/sigma(I) 12.76 (1.07) 12.54 (0.73) 
Wilson B-factor 53.62 61.39 
R-merge 0.09874 (1.616) 0.08441 (2.235) 
R-meas 0.1071 (1.745) 0.09145 (2.412) 
R-pim 0.04108 (0.6547) 0.03493 (0.9028) 
CC1/2 0.999 (0.553) 0.999 (0.311) 
CC* 1 (0.844) 1 (0.689) 

Reflections used in refinement 132829 (13136) 141857 (14056) 

Reflections used for R-free 6697 (673) 7065 (735) 

R-work 0.2060 (0.3393) 0.2044 (0.3386) 
R-free 0.2363 (0.3735) 0.2390 (0.3668) 
CC(work) 0.953 (0.732) 0.957 (0.593) 
CC(free) 0.948 (0.627) 0.955 (0.482) 
Number of non-hydrogen atoms 18044 17996 
  macromolecules 17441 17460 
  ligands 188 192 
  solvent 415 344 
Protein residues 2211 2214 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.51 
Ramachandran favored (%) 97.43 96.93 
Ramachandran allowed (%) 2.53 2.93 
Ramachandran outliers (%) 0.05 0.14 
Rotamer outliers (%) 0.42 0.58 
Clashscore 9.80 10.08 
Average B-factor 69.83 81.84 
  macromolecules 70.21 82.29 
  ligands 60.77 70.10 
  solvent 57.68 65.68 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 23 Fragment 24 

Name 
Tubulin-Z2856434883-
complex 

Tubulin-Z2856434826-
complex 

PDB ID 5S57 5S58 

Wavelength 0.91587 0.91587 
Resolution range 63.38  - 2.45 (2.538  - 2.45) 72.14  - 2.3 (2.382  - 2.3) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.68 159.27 180.71 90 90 
90 

104.28 157.51 179.79 90 90 
90 

Total reflections 744735 (75719) 896144 (91955) 
Unique reflections 111396 (10973) 131745 (12996) 
Multiplicity 6.7 (6.9) 6.8 (7.1) 
Completeness (%) 99.77 (99.75) 99.88 (99.74) 
Mean I/sigma(I) 11.43 (0.60) 11.18 (0.71) 
Wilson B-factor 72.19 57.21 
R-merge 0.1057 (2.731) 0.1128 (2.348) 
R-meas 0.1148 (2.954) 0.1222 (2.534) 
R-pim 0.04442 (1.121) 0.04669 (0.9475) 
CC1/2 0.999 (0.248) 0.999 (0.324) 
CC* 1 (0.63) 1 (0.699) 

Reflections used in refinement 111176 (10974) 131620 (12995) 

Reflections used for R-free 5590 (543) 6534 (688) 

R-work 0.2068 (0.3657) 0.2087 (0.3434) 
R-free 0.2452 (0.3914) 0.2462 (0.3864) 
CC(work) 0.957 (0.545) 0.954 (0.608) 
CC(free) 0.945 (0.449) 0.945 (0.446) 
Number of non-hydrogen atoms 17781 17985 
  macromolecules 17371 17424 
  ligands 178 188 
  solvent 232 373 
Protein residues 2202 2208 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.50 
Ramachandran favored (%) 96.68 96.69 
Ramachandran allowed (%) 3.19 3.27 
Ramachandran outliers (%) 0.14 0.05 
Rotamer outliers (%) 0.74 0.84 
Clashscore 12.21 10.15 
Average B-factor 89.45 72.74 
  macromolecules 89.78 73.08 
  ligands 82.61 66.61 
  solvent 70.15 59.90 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 25 Fragment 26 

Name 
Tubulin-Z1324080698-
complex 

Tubulin-Z1449748885-
complex 

PDB ID 5S59 5S5A 

Wavelength 0.91587 0.91587 
Resolution range 55.95  - 2.6 (2.693  - 2.6) 63.08  - 2.35 (2.434  - 2.35) 
Space group P 21 21 21 P 21 21 21 

Unit cell 105.56 158.9 179.33 90 90 90 
104.59 158.16 179.51 90 90 
90 

Total reflections 626394 (59537) 841447 (86336) 
Unique reflections 93245 (9169) 124266 (12279) 
Multiplicity 6.7 (6.5) 6.8 (7.0) 
Completeness (%) 99.23 (99.48) 99.82 (99.73) 
Mean I/sigma(I) 11.75 (0.56) 14.61 (0.82) 
Wilson B-factor 76.61 60.21 
R-merge 0.1136 (2.706) 0.09071 (2.117) 
R-meas 0.1233 (2.945) 0.09834 (2.286) 
R-pim 0.04752 (1.153) 0.03769 (0.8592) 
CC1/2 0.999 (0.336) 0.999 (0.386) 
CC* 1 (0.709) 1 (0.746) 

Reflections used in refinement 92565 (9169) 124070 (12279) 

Reflections used for R-free 4548 (418) 6344 (623) 

R-work 0.2195 (0.4269) 0.2055 (0.3455) 
R-free 0.2679 (0.4432) 0.2373 (0.3651) 
CC(work) 0.937 (0.573) 0.955 (0.644) 
CC(free) 0.943 (0.509) 0.959 (0.659) 
Number of non-hydrogen atoms 17810 18058 
  macromolecules 17445 17508 
  ligands 208 224 
  solvent 157 326 
Protein residues 2210 2222 
RMS(bonds) 0.003 0.002 
RMS(angles) 0.50 0.51 
Ramachandran favored (%) 96.65 96.89 
Ramachandran allowed (%) 3.31 3.01 
Ramachandran outliers (%) 0.05 0.09 
Rotamer outliers (%) 0.63 0.79 
Clashscore 13.18 10.75 
Average B-factor 96.36 79.06 
  macromolecules 96.67 79.46 
  ligands 85.37 69.86 
  solvent 77.14 63.58 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 27 Fragment 28 

Name 
Tubulin-Z906021418-
complex 

Tubulin-Z44592329- 
complex 

PDB ID 5S5B 5S5C 

Wavelength 0.91587 0.91587 
Resolution range 63.37  - 2.3 (2.382  - 2.3) 62.52  - 2.4 (2.486  - 2.4) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.02 158.92 179.41 90 90 
90 

105.22 159.9 177.91 90 90 90 

Total reflections 908947 (93378) 799052 (81082) 
Unique reflections 133536 (13190) 117653 (11591) 
Multiplicity 6.8 (7.1) 6.8 (7.0) 
Completeness (%) 99.88 (99.79) 99.81 (99.76) 
Mean I/sigma(I) 9.95 (0.72) 10.46 (0.78) 
Wilson B-factor 57.39 61.35 
R-merge 0.1176 (2.154) 0.1217 (2.15) 
R-meas 0.1275 (2.324) 0.1319 (2.324) 
R-pim 0.04871 (0.866) 0.05051 (0.8764) 
CC1/2 0.998 (0.332) 0.998 (0.398) 
CC* 1 (0.706) 1 (0.754) 

Reflections used in refinement 133419 (13190) 117456 (11592) 

Reflections used for R-free 6614 (674) 5812 (553) 

R-work 0.2093 (0.3603) 0.2074 (0.3605) 
R-free 0.2438 (0.3958) 0.2442 (0.3902) 
CC(work) 0.955 (0.612) 0.952 (0.670) 
CC(free) 0.967 (0.520) 0.932 (0.571) 
Number of non-hydrogen atoms 18033 18011 
  macromolecules 17445 17475 
  ligands 185 204 
  solvent 403 332 
Protein residues 2214 2217 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.50 
Ramachandran favored (%) 97.29 97.16 
Ramachandran allowed (%) 2.62 2.84 
Ramachandran outliers (%) 0.09 0.00 
Rotamer outliers (%) 0.74 0.58 
Clashscore 11.01 10.72 
Average B-factor 74.61 78.19 
  macromolecules 75.02 78.57 
  ligands 65.65 70.16 
  solvent 61.04 63.34 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 29 Fragment 30 

Name 
Tubulin-Z32400357- 
complex 

Tubulin-Z1515654336-
complex 

PDB ID 5S5D 5S5E 

Wavelength 0.91587 A 0.91587 A 
Resolution range 63.42  - 1.9 (1.968  - 1.9) 29.74  - 2.67 (2.765  - 2.67) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.07 159.08 179.22 90 90 
90 

105.407 159.503 179.362 90 
90 90 

Total reflections 1498188 (115933) 582558 (56546) 
Unique reflections 235505 (23309) 86312 (8525) 
Multiplicity 6.4 (5.0) 6.7 (6.6) 
Completeness (%) 99.86 (99.57) 99.76 (99.96) 
Mean I/sigma(I) 12.50 (0.68) 12.61 (2.39) 
Wilson B-factor 43.13 59.93 
R-merge 0.06948 (1.665) 0.1036 (0.7787) 
R-meas 0.07553 (1.868) 0.1124 (0.8448) 
R-pim 0.0293 (0.8319) 0.04319 (0.3253) 
CC1/2 0.998 (0.334) 0.996 (0.772) 
CC* 1 (0.707) 0.999 (0.934) 

Reflections used in refinement 235284 (23308) 86249 (8523) 

Reflections used for R-free 11888 (1208) 1994 (197) 

R-work 0.1998 (0.3785) 0.1866 (0.2658) 
R-free 0.2271 (0.4019) 0.2272 (0.2945) 
CC(work) 0.957 (0.608) 0.958 (0.820) 
CC(free) 0.960 (0.553) 0.945 (0.796) 
Number of non-hydrogen atoms 18569 17991 
  macromolecules 17464 17466 
  ligands 209 196 
  solvent 896 329 
Protein residues 2212 2214 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.54 0.51 
Ramachandran favored (%) 98.07 97.34 
Ramachandran allowed (%) 1.93 2.66 
Ramachandran outliers (%) 0.00 0.00 
Rotamer outliers (%) 0.37 0.74 
Clashscore 8.80 8.40 
Average B-factor 57.28 68.60 
  macromolecules 57.67 69.03 
  ligands 48.99 57.76 
  solvent 51.58 52.07 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 31 Fragment 32 

Name 
Tubulin-Z87615031- 
complex 

Tubulin-Z1129283193-
complex 

PDB ID 5S5F 5S5G 

Wavelength 0.91587 A 0.91587 A 
Resolution range 63.19  - 2.24 (2.32  - 2.24) 72.26  - 2.69 (2.786  - 2.69) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.828 158.374 179.214 90 
90 90 

104.645 157.922 179.187 90 
90 90 

Total reflections 948453 (87602) 547741 (50878) 
Unique reflections 143543 (11626) 82877 (7710) 
Multiplicity 6.6 (6.2) 6.6 (6.2) 
Completeness (%) 97.29 (81.80) 97.38 (94.17) 
Mean I/sigma(I) 7.63 (2.49) 5.53 (2.00) 
Wilson B-factor 25.2 39.55 
R-merge 0.1423 (0.5464) 0.2176 (0.7625) 
R-meas 0.1546 (0.5984) 0.2364 (0.8331) 
R-pim 0.06007 (0.2423) 0.09133 (0.3312) 
CC1/2 0.987 (0.819) 0.979 (0.491) 
CC* 0.997 (0.949) 0.995 (0.812) 

Reflections used in refinement 139659 (11626) 80881 (7710) 

Reflections used for R-free 1955 (168) 1950 (186) 

R-work 0.2339 (0.6540) 0.2178 (0.3680) 
R-free 0.2607 (0.6147) 0.2715 (0.4025) 
CC(work) 0.948 (0.200) 0.897 (0.713) 
CC(free) 0.945 (0.198) 0.912 (0.596) 
Number of non-hydrogen atoms 18091 17992 
  macromolecules 17430 17439 
  ligands 186 183 
  solvent 475 370 
Protein residues 2210 2212 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.49 
Ramachandran favored (%) 97.61 96.60 
Ramachandran allowed (%) 2.34 3.35 
Ramachandran outliers (%) 0.05 0.05 
Rotamer outliers (%) 0.68 0.74 
Clashscore 9.43 11.44 
Average B-factor 50.43 51.98 
  macromolecules 50.77 52.41 
  ligands 44.16 43.50 
  solvent 40.51 35.68 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 33 Fragment 34 

Name 
Tubulin-Z2074076908-
complex 

Tubulin-Z295848548-
complex 

PDB ID 5S5H 5S5I 

Wavelength 0.91587 A 0.91587 A 
Resolution range 62.63  - 2.5 (2.589  - 2.5) 62.66  - 2.49 (2.579  - 2.49) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.91 158.89 179.24 90 90 
90 

104.89 158.87 179.47 90 90 
90 

Total reflections 697725 (69465) 691789 (70786) 
Unique reflections 104019 (10093) 103912 (10364) 
Multiplicity 6.7 (6.8) 6.7 (6.8) 
Completeness (%) 99.24 (98.55) 98.16 (99.76) 
Mean I/sigma(I) 10.70 (0.56) 9.97 (0.63) 
Wilson B-factor 71.98 66.9 
R-merge 0.1324 (3.15) 0.1459 (2.38) 
R-meas 0.1436 (3.411) 0.1586 (2.577) 
R-pim 0.05525 (1.302) 0.06154 (0.9821) 
CC1/2 0.999 (0.343) 0.998 (0.311) 
CC* 1 (0.715) 0.999 (0.689) 

Reflections used in refinement 103291 (10092) 103479 (10364) 

Reflections used for R-free 5170 (502) 5191 (483) 

R-work 0.2162 (0.4277) 0.2122 (0.3883) 
R-free 0.2699 (0.4542) 0.2587 (0.4124) 
CC(work) 0.956 (0.545) 0.949 (0.559) 
CC(free) 0.953 (0.509) 0.941 (0.481) 
Number of non-hydrogen atoms 17844 17958 
  macromolecules 17446 17466 
  ligands 187 187 
  solvent 211 305 
Protein residues 2211 2214 
RMS(bonds) 0.002 0.003 
RMS(angles) 0.49 0.51 
Ramachandran favored (%) 96.00 96.97 
Ramachandran allowed (%) 3.86 2.98 
Ramachandran outliers (%) 0.14 0.05 
Rotamer outliers (%) 0.63 0.89 
Clashscore 14.81 12.60 
Average B-factor 94.86 84.68 
  macromolecules 95.21 85.09 
  ligands 85.29 75.23 
  solvent 74.33 66.95 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 35 Fragment 36 

Name 
Tubulin-Z1148747945-
complex 

Tubulin-Z2472938267-
complex 

PDB ID 5S5J 5S5K 

Wavelength 0.91587 A 0.91587 A 
Resolution range 56.07  - 2.255 (2.335  - 2.255) 55.74  - 2.41 (2.496  - 2.41) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.77 159.73 179.63 90 90 
90 

105.46 160.78 178.27 90 90 
90 

Total reflections 954462 (96793) 780578 (80727) 
Unique reflections 140936 (13963) 116062 (11588) 
Multiplicity 6.8 (6.9) 6.7 (6.9) 
Completeness (%) 98.97 (98.96) 98.74 (99.70) 
Mean I/sigma(I) 10.36 (0.89) 10.56 (0.71) 
Wilson B-factor 54.61 68.3 
R-merge 0.1068 (1.907) 0.1046 (2.384) 
R-meas 0.1159 (2.063) 0.1135 (2.578) 
R-pim 0.04465 (0.7817) 0.0438 (0.9745) 
CC1/2 0.998 (0.477) 0.999 (0.35) 
CC* 0.999 (0.804) 1 (0.72) 

Reflections used in refinement 140796 (13963) 115904 (11587) 

Reflections used for R-free 7004 (700) 5733 (559) 

R-work 0.2047 (0.3430) 0.2148 (0.3969) 
R-free 0.2382 (0.3799) 0.2473 (0.4079) 
CC(work) 0.945 (0.699) 0.936 (0.608) 
CC(free) 0.953 (0.642) 0.918 (0.524) 
Number of non-hydrogen atoms 18052 17786 
  macromolecules 17466 17481 
  ligands 183 190 
  solvent 403 115 
Protein residues 2215 2217 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.50 
Ramachandran favored (%) 97.43 97.25 
Ramachandran allowed (%) 2.48 2.75 
Ramachandran outliers (%) 0.09 0.00 
Rotamer outliers (%) 0.58 0.58 
Clashscore 9.76 11.21 
Average B-factor 72.36 89.79 
  macromolecules 72.74 90.01 
  ligands 66.40 79.36 
  solvent 58.63 74.73 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 37 Fragment 38 

Name 
Tubulin-Z1492796719-
complex 

Tubulin-Z45527714- 
complex 

PDB ID 5S5L 5S5M 

Wavelength 0.91587 A 0.91587 A 
Resolution range 62.67  - 2.25 (2.33  - 2.25) 51.98  - 2.7 (2.796  - 2.7) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.12 159.02 179.19 90 90 
90 

105.66 159.8 179.1 90 90 90 

Total reflections 970363 (98705) 569133 (55280) 
Unique reflections 142574 (12579) 83820 (8165) 
Multiplicity 6.8 (7.0) 6.8 (6.7) 
Completeness (%) 98.80 (89.03) 99.28 (98.79) 
Mean I/sigma(I) 13.29 (1.04) 12.44 (0.64) 
Wilson B-factor 51.24 83.96 
R-merge 0.08452 (1.787) 0.1058 (2.48) 
R-meas 0.09161 (1.931) 0.1147 (2.69) 
R-pim 0.03505 (0.7282) 0.04397 (1.036) 
CC1/2 0.999 (0.783) 0.999 (0.363) 
CC* 1 (0.937) 1 (0.73) 

Reflections used in refinement 140905 (12578) 83255 (8166) 

Reflections used for R-free 7020 (659) 4079 (372) 

R-work 0.2043 (0.3023) 0.2146 (0.4319) 
R-free 0.2353 (0.3400) 0.2687 (0.4581) 
CC(work) 0.957 (0.795) 0.926 (0.567) 
CC(free) 0.954 (0.758) 0.883 (0.537) 
Number of non-hydrogen atoms 18058 17734 
  macromolecules 17460 17440 
  ligands 186 196 
  solvent 412 98 
Protein residues 2214 2211 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.53 0.50 
Ramachandran favored (%) 97.39 95.87 
Ramachandran allowed (%) 2.48 4.04 
Ramachandran outliers (%) 0.14 0.09 
Rotamer outliers (%) 0.53 0.68 
Clashscore 9.55 12.07 
Average B-factor 69.92 102.84 
  macromolecules 70.34 103.13 
  ligands 60.86 89.81 
  solvent 56.34 77.21 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 39 Fragment 40 

Name 
Tubulin-Z165170770-
complex 

Tubulin-Z27682767- 
complex 

PDB ID 5S5N 5S5O 

Wavelength 0.91587 A 0.91587 A 
Resolution range 62.85  - 2.9 (3.004  - 2.9) 55.95  - 2.3 (2.382  - 2.3) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.61 159.43 179.48 90 90 
90 

105.25 159.67 179.23 90 90 
90 

Total reflections 441992 (46945) 912365 (93850) 
Unique reflections 66147 (6672) 134295 (13266) 
Multiplicity 6.7 (7.0) 6.8 (7.1) 
Completeness (%) 97.27 (99.76) 99.75 (99.73) 
Mean I/sigma(I) 9.29 (0.71) 14.68 (1.19) 
Wilson B-factor 81.52 55.17 
R-merge 0.1618 (2.41) 0.07979 (1.465) 
R-meas 0.1757 (2.603) 0.08648 (1.581) 
R-pim 0.06791 (0.9779) 0.03309 (0.5906) 
CC1/2 0.998 (0.466) 0.999 (0.597) 
CC* 1 (0.797) 1 (0.865) 

Reflections used in refinement 65986 (6662) 134020 (13267) 

Reflections used for R-free 3303 (319) 6635 (639) 

R-work 0.2222 (0.3954) 0.2022 (0.3276) 
R-free 0.2745 (0.4327) 0.2356 (0.3489) 
CC(work) 0.924 (0.676) 0.952 (0.761) 
CC(free) 0.773 (0.538) 0.913 (0.756) 
Number of non-hydrogen atoms 17714 18014 
  macromolecules 17422 17446 
  ligands 200 187 
  solvent 92 381 
Protein residues 2208 2211 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.42 0.51 
Ramachandran favored (%) 95.16 97.29 
Ramachandran allowed (%) 4.74 2.62 
Ramachandran outliers (%) 0.09 0.09 
Rotamer outliers (%) 0.95 0.58 
Clashscore 15.55 9.48 
Average B-factor 102.86 74.90 
  macromolecules 103.11 75.27 
  ligands 92.45 67.38 
  solvent 77.74 61.58 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 41 Fragment 42 

Name 
Tubulin-Z53825177- 
complex 

Tubulin-Z396380540-
complex 

PDB ID 5S5P 5S5Q 

Wavelength 0.91587 A 0.91587 A 
Resolution range 80.32  - 2.79 (2.89  - 2.79) 62.49  - 2.05 (2.123  - 2.05) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.71 160.63 179.04 90 90 
90 

104.85 158.62 178.62 90 90 
90 

Total reflections 517713 (53525) 1240765 (106386) 
Unique reflections 76369 (7511) 186409 (18373) 
Multiplicity 6.8 (7.1) 6.7 (5.8) 
Completeness (%) 99.19 (99.27) 99.83 (99.66) 
Mean I/sigma(I) 10.92 (0.80) 11.27 (0.74) 
Wilson B-factor 88.76 48.39 
R-merge 0.1171 (2.234) 0.08705 (1.988) 
R-meas 0.127 (2.409) 0.09449 (2.189) 
R-pim 0.04861 (0.8947) 0.03645 (0.9101) 
CC1/2 0.998 (0.458) 0.999 (0.347) 
CC* 1 (0.793) 1 (0.718) 

Reflections used in refinement 75897 (7511) 186115 (18373) 

Reflections used for R-free 3714 (328) 9367 (905) 

R-work 0.2241 (0.4070) 0.2120 (0.3454) 
R-free 0.2648 (0.4413) 0.2444 (0.3701) 
CC(work) 0.918 (0.655) 0.958 (0.612) 
CC(free) 0.935 (0.548) 0.921 (0.508) 
Number of non-hydrogen atoms 17742 18077 
  macromolecules 17459 17446 
  ligands 185 187 
  solvent 98 444 
Protein residues 2215 2212 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.50 0.52 
Ramachandran favored (%) 95.18 97.56 
Ramachandran allowed (%) 4.68 2.30 
Ramachandran outliers (%) 0.14 0.14 
Rotamer outliers (%) 0.84 0.68 
Clashscore 14.11 8.53 
Average B-factor 111.13 64.51 
  macromolecules 111.42 64.86 
  ligands 97.97 56.74 
  solvent 84.01 54.07 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 43 Fragment 44 

Name 
Tubulin-Z33452106- 
complex 

Tubulin-Z166605480-
complex 

PDB ID 5S5R 5S5S 

Wavelength 0.91587 A 0.91587 A 
Resolution range 63.56  - 2.3 (2.382  - 2.3) 63.04  - 2.36 (2.444  - 2.36) 
Space group P 21 21 21 P 21 21 21 

Unit cell 105.24 159.48 178.6 90 90 90 
104.55 158.051 179.339 90 
90 90 

Total reflections 897287 (93375) 835706 (85821) 
Unique reflections 132993 (13208) 122416 (12084) 
Multiplicity 6.7 (7.1) 6.8 (7.1) 
Completeness (%) 99.38 (99.85) 98.56 (96.52) 
Mean I/sigma(I) 9.69 (0.73) 8.56 (0.83) 
Wilson B-factor 60.55 40.96 
R-merge 0.1105 (2.187) 0.1287 (1.869) 
R-meas 0.12 (2.36) 0.1396 (2.017) 
R-pim 0.04628 (0.8821) 0.05349 (0.7533) 
CC1/2 0.998 (0.309) 0.996 (0.369) 
CC* 0.999 (0.687) 0.999 (0.734) 

Reflections used in refinement 132869 (13208) 120713 (11676) 

Reflections used for R-free 6575 (636) 5999 (584) 

R-work 0.2068 (0.3546) 0.2122 (0.3653) 
R-free 0.2443 (0.3773) 0.2134 (0.3787) 
CC(work) 0.944 (0.590) 0.948 (0.619) 
CC(free) 0.923 (0.623) 0.935 (0.618) 
Number of non-hydrogen atoms 18062 18052 
  macromolecules 17480 17449 
  ligands 185 183 
  solvent 397 420 
Protein residues 2220 2213 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.51 
Ramachandran favored (%) 97.21 97.57 
Ramachandran allowed (%) 2.65 2.43 
Ramachandran outliers (%) 0.14 0.00 
Rotamer outliers (%) 0.68 0.58 
Clashscore 10.75 10.08 
Average B-factor 81.49 57.03 
  macromolecules 81.94 57.36 
  ligands 70.92 53.49 
  solvent 66.27 45.21 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 45 Fragment 46 

Name 
Tubulin-Z198194394-
complex 

Tubulin-Z1124201124-
complex 

PDB ID 5S5T 5S5U 

Wavelength 0.91587 A 0.91587 A 
Resolution range 63.15  - 2.53 (2.62  - 2.53) 79.32  - 2.5 (2.589  - 2.5) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
104.834 158.225 178.442 90 
90 90 

104.78 158.65 178.88 90 90 
90 

Total reflections 650589 (65359) 701672 (69542) 
Unique reflections 99523 (9840) 103550 (10167) 
Multiplicity 6.5 (6.6) 6.8 (6.8) 
Completeness (%) 97.78 (94.43) 99.77 (99.60) 
Mean I/sigma(I) 9.81 (2.02) 10.38 (0.64) 
Wilson B-factor 50.41 71.11 
R-merge 0.108 (0.7683) 0.1151 (2.568) 
R-meas 0.1174 (0.833) 0.1248 (2.779) 
R-pim 0.04562 (0.32) 0.0477 (1.056) 
CC1/2 0.996 (0.548) 0.998 (0.272) 
CC* 0.999 (0.841) 1 (0.654) 

Reflections used in refinement 97354 (9316) 103351 (10167) 

Reflections used for R-free 4936 (459) 5178 (500) 

R-work 0.2125 (0.3846) 0.2098 (0.3761) 
R-free 0.2082 (0.3582) 0.2561 (0.3913) 
CC(work) 0.955 (0.717) 0.941 (0.544) 
CC(free) 0.982 (0.790) 0.942 (0.449) 
Number of non-hydrogen atoms 18016 17898 
  macromolecules 17462 17460 
  ligands 188 182 
  solvent 366 256 
Protein residues 2216 2215 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.52 0.50 
Ramachandran favored (%) 97.2 96.24 
Ramachandran allowed (%) 2.66 3.72 
Ramachandran outliers (%) 0.14 0.05 
Rotamer outliers (%) 0.95 0.95 
Clashscore 11.77 13.10 
Average B-factor 67.06 91.26 
  macromolecules 67.45 91.65 
  ligands 59.2 80.41 
  solvent 52.57 72.15 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 47 Fragment 48 

Name 
Tubulin-Z32386228- 
complex 

Tubulin-Z53860899- 
complex 

PDB ID 5S5V 5S5W 

Wavelength 0.91587 A 0.91587 A 
Resolution range 72.87  - 2.7 (2.797  - 2.7) 63.19  - 2.35 (2.434  - 2.35) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.23 159.54 179.08 90 90 
90 

104.87 158.35 178.88 90 90 
90 

Total reflections 564115 (54789) 829091 (86375) 
Unique reflections 83265 (8172) 124259 (12270) 
Multiplicity 6.8 (6.7) 6.7 (7.0) 
Completeness (%) 99.23 (99.57) 99.69 (99.87) 
Mean I/sigma(I) 10.95 (0.57) 9.52 (0.65) 
Wilson B-factor 79.54 60.97 
R-merge 0.1361 (2.942) 0.1801 (2.184) 
R-meas 0.1476 (3.192) 0.1955 (2.356) 
R-pim 0.0564 (1.228) 0.07535 (0.8813) 
CC1/2 0.999 (0.281) 0.997 (0.27) 
CC* 1 (0.662) 0.999 (0.652) 

Reflections used in refinement 82730 (8173) 123940 (12270) 

Reflections used for R-free 4070 (385) 6161 (610) 

R-work 0.2166 (0.4335) 0.2236 (0.3420) 
R-free 0.2670 (0.4499) 0.2653 (0.3877) 
CC(work) 0.928 (0.518) 0.943 (0.577) 
CC(free) 0.859 (0.513) 0.955 (0.466) 
Number of non-hydrogen atoms 17825 18048 
  macromolecules 17471 17466 
  ligands 188 204 
  solvent 166 378 
Protein residues 2216 2214 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.52 0.50 
Ramachandran favored (%) 96.33 97.02 
Ramachandran allowed (%) 3.58 2.84 
Ramachandran outliers (%) 0.09 0.14 
Rotamer outliers (%) 0.68 1.00 
Clashscore 12.11 12.82 
Average B-factor 98.07 75.20 
  macromolecules 98.38 75.59 
  ligands 88.50 68.32 
  solvent 75.84 60.86 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 49 Fragment 50 

Name 
Tubulin-Z45705015- 
complex 

Tubulin-Z26781952- 
complex 

PDB ID 5S5X 5S5Y 

Wavelength 0.91587 A 0.91587 A 
Resolution range 63.41  - 2.32 (2.403  - 2.32) 63.31  - 2.262 (2.342  - 2.262) 
Space group P 21 21 21 P 21 21 21 

Unit cell 104.96 159.13 178.6 90 90 90 
104.96 158.75 179.65 90 90 
90 

Total reflections 876315 (90291) 954685 (98186) 
Unique reflections 129018 (12781) 140313 (13845) 
Multiplicity 6.8 (7.0) 6.8 (7.1) 
Completeness (%) 99.34 (99.71) 99.85 (99.78) 
Mean I/sigma(I) 10.38 (0.72) 13.82 (1.03) 
Wilson B-factor 57.3 55.34 
R-merge 0.1197 (2.28) 0.08219 (1.678) 
R-meas 0.1298 (2.463) 0.08911 (1.811) 
R-pim 0.04974 (0.9251) 0.03417 (0.6788) 
CC1/2 0.998 (0.343) 0.999 (0.485) 
CC* 1 (0.715) 1 (0.808) 

Reflections used in refinement 128854 (12780) 140147 (13846) 

Reflections used for R-free 6539 (625) 6900 (668) 

R-work 0.2072 (0.3543) 0.2015 (0.3318) 
R-free 0.2432 (0.3769) 0.2313 (0.3636) 
CC(work) 0.945 (0.617) 0.951 (0.702) 
CC(free) 0.927 (0.574) 0.939 (0.618) 
Number of non-hydrogen atoms 18038 18015 
  macromolecules 17470 17451 
  ligands 186 188 
  solvent 382 376 
Protein residues 2217 2214 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.51 
Ramachandran favored (%) 97.43 96.97 
Ramachandran allowed (%) 2.38 2.98 
Ramachandran outliers (%) 0.18 0.05 
Rotamer outliers (%) 0.63 0.68 
Clashscore 10.47 8.84 
Average B-factor 74.16 74.48 
  macromolecules 74.52 74.87 
  ligands 67.92 66.13 
  solvent 60.51 60.32 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 

  



114 
 

Fragment ID Fragment 51 Fragment 52 

Name 
Tubulin-Z2856434944-
complex 

Tubulin-Z27695365- 
complex 

PDB ID 5S5Z 5S60 

Wavelength 0.91587 A 0.91587 A 
Resolution range 91.08  - 2.55 (2.641  - 2.55) 63.73  - 2.3 (2.382  - 2.3) 
Space group P 21 21 21 P 21 21 21 

Unit cell 105.18 158.03 182.1 90 90 90 
105.35 160.06 178.51 90 90 
90 

Total reflections 669574 (65054) 904442 (93616) 
Unique reflections 99078 (9802) 133507 (13248) 
Multiplicity 6.8 (6.6) 6.8 (7.0) 
Completeness (%) 99.51 (99.74) 99.33 (99.73) 
Mean I/sigma(I) 8.88 (0.73) 12.69 (1.36) 
Wilson B-factor 68.9 52.11 
R-merge 0.1332 (2.298) 0.08939 (1.262) 
R-meas 0.1445 (2.495) 0.09695 (1.363) 
R-pim 0.05556 (0.9653) 0.0372 (0.5118) 
CC1/2 0.998 (0.278) 0.998 (0.677) 
CC* 0.999 (0.66) 1 (0.899) 

Reflections used in refinement 98943 (9802) 133347 (13247) 

Reflections used for R-free 4911 (481) 6595 (640) 

R-work 0.2088 (0.3702) 0.1935 (0.2946) 
R-free 0.2525 (0.4409) 0.2278 (0.3197) 
CC(work) 0.951 (0.544) 0.949 (0.812) 
CC(free) 0.915 (0.354) 0.887 (0.772) 
Number of non-hydrogen atoms 17811 18342 
  macromolecules 17392 17434 
  ligands 223 189 
  solvent 196 719 
Protein residues 2204 2209 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.52 0.51 
Ramachandran favored (%) 96.49 97.15 
Ramachandran allowed (%) 3.32 2.75 
Ramachandran outliers (%) 0.18 0.09 
Rotamer outliers (%) 0.74 0.74 
Clashscore 13.39 9.54 
Average B-factor 86.32 69.70 
  macromolecules 86.62 70.20 
  ligands 81.98 61.25 
  solvent 64.81 59.94 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 53 Fragment 54 

Name 
Tubulin-Z57472297- 
complex 

Tubulin-Z100642432-
complex 

PDB ID 5S61 5S62 

Wavelength 0.91587 A 0.91587 A 
Resolution range 55.7  - 1.95 (2.02  - 1.95) 63.6  - 2.75 (2.848  - 2.75) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.36 159.31 178.35 90 90 
90 

105.48 159.44 179.83 90 90 
90 

Total reflections 1408943 (115618) 520368 (54541) 
Unique reflections 217871 (21476) 77012 (7772) 
Multiplicity 6.5 (5.4) 6.8 (6.9) 
Completeness (%) 99.92 (99.78) 96.20 (98.91) 
Mean I/sigma(I) 12.90 (0.66) 11.79 (0.69) 
Wilson B-factor 42.71 82.51 
R-merge 0.07795 (2.036) 0.122 (2.523) 
R-meas 0.08476 (2.263) 0.1323 (2.728) 
R-pim 0.033 (0.9781) 0.05065 (1.03) 
CC1/2 0.999 (0.248) 0.999 (0.44) 
CC* 1 (0.631) 1 (0.782) 

Reflections used in refinement 217727 (21476) 76427 (7771) 

Reflections used for R-free 10855 (1070) 3817 (401) 

R-work 0.2139 (0.3657) 0.2105 (0.4476) 
R-free 0.2394 (0.3879) 0.2669 (0.4868) 
CC(work) 0.954 (0.529) 0.933 (0.616) 
CC(free) 0.954 (0.507) 0.931 (0.459) 
Number of non-hydrogen atoms 18165 17748 
  macromolecules 17491 17457 
  ligands 220 185 
  solvent 454 106 
Protein residues 2219 2213 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.54 0.50 
Ramachandran favored (%) 97.76 96.24 
Ramachandran allowed (%) 2.19 3.67 
Ramachandran outliers (%) 0.05 0.09 
Rotamer outliers (%) 0.42 0.63 
Clashscore 8.73 12.35 
Average B-factor 57.61 103.97 
  macromolecules 57.93 104.23 
  ligands 50.71 95.74 
  solvent 48.58 76.19 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 55 Fragment 56 

Name 
Tubulin-Z2241115980-
complex 

Tubulin-Z28870646- 
complex 

PDB ID 5S63 5S64 

Wavelength 0.91587 A 0.91587 A 
Resolution range 55.7  - 1.95 (2.02  - 1.95) 62.66  - 2.75 (2.848  - 2.75) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.36 159.31 178.35 90 90 
90 

104.62 158.42 179.97 90 90 
90 

Total reflections 1408943 (115618) 532585 (53684) 
Unique reflections 217871 (21476) 78318 (7632) 
Multiplicity 6.5 (5.4) 6.8 (7.0) 
Completeness (%) 99.92 (99.78) 99.37 (98.89) 
Mean I/sigma(I) 12.90 (0.66) 12.23 (0.81) 
Wilson B-factor 42.71 82.51 
R-merge 0.07795 (2.036) 0.1139 (2.13) 
R-meas 0.08476 (2.263) 0.1235 (2.303) 
R-pim 0.033 (0.9781) 0.04726 (0.8691) 
CC1/2 0.999 (0.248) 0.999 (0.493) 
CC* 1 (0.631) 1 (0.812) 

Reflections used in refinement 217727 (21476) 77861 (7631) 

Reflections used for R-free 10855 (1070) 3904 (413) 

R-work 0.2139 (0.3657) 0.2137 (0.3873) 
R-free 0.2394 (0.3879) 0.2627 (0.4288) 
CC(work) 0.954 (0.529) 0.941 (0.647) 
CC(free) 0.954 (0.507) 0.936 (0.588) 
Number of non-hydrogen atoms 18165 17778 
  macromolecules 17491 17480 
  ligands 220 200 
  solvent 454 98 
Protein residues 2219 2219 
RMS(bonds) 0.002 0.003 
RMS(angles) 0.54 0.52 
Ramachandran favored (%) 97.76 95.75 
Ramachandran allowed (%) 2.19 4.25 
Ramachandran outliers (%) 0.05 0.00 
Rotamer outliers (%) 0.42 0.79 
Clashscore 8.73 12.62 
Average B-factor 57.61 101.08 
  macromolecules 57.93 101.38 
  ligands 50.71 86.09 
  solvent 48.58 76.60 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 57 Fragment 58 

Name 
Tubulin-Z1354416068-
complex 

Tubulin-Z2856434929-
complex 

PDB ID 5S65 5S66 

Wavelength 0.91587 A 0.91587 A 
Resolution range 55.95  - 2.254 (2.335  - 2.254) 68  - 2.1 (2.175  - 2.1) 
Space group P 21 21 21 P 21 21 21 

Unit cell 
105.19 158.92 179.34 90 90 
90 

104.69 157.88 178.85 90 90 
90 

Total reflections 963920 (96278) 1160690 (102693) 
Unique reflections 141779 (13293) 172700 (17008) 
Multiplicity 6.8 (6.9) 6.7 (6.0) 
Completeness (%) 99.36 (94.46) 99.83 (99.51) 
Mean I/sigma(I) 13.11 (0.99) 11.95 (0.59) 
Wilson B-factor 50.8 52.3 
R-merge 0.09323 (1.672) 0.08934 (2.482) 
R-meas 0.101 (1.807) 0.09689 (2.721) 
R-pim 0.03859 (0.6818) 0.03721 (1.109) 
CC1/2 0.999 (0.499) 0.999 (0.273) 
CC* 1 (0.816) 1 (0.655) 

Reflections used in refinement 141028 (13292) 172424 (17008) 

Reflections used for R-free 7019 (679) 8620 (824) 

R-work 0.2049 (0.3372) 0.2139 (0.3768) 
R-free 0.2337 (0.3678) 0.2436 (0.3989) 
CC(work) 0.956 (0.692) 0.953 (0.544) 
CC(free) 0.955 (0.641) 0.959 (0.446) 
Number of non-hydrogen atoms 18077 17842 
  macromolecules 17471 17284 
  ligands 185 184 
  solvent 421 374 
Protein residues 2215 2183 
RMS(bonds) 0.002 0.002 
RMS(angles) 0.51 0.52 
Ramachandran favored (%) 97.94 97.17 
Ramachandran allowed (%) 2.02 2.69 
Ramachandran outliers (%) 0.05 0.14 
Rotamer outliers (%) 0.63 0.53 
Clashscore 9.26 11.13 
Average B-factor 64.99 68.19 
  macromolecules 65.33 68.43 
  ligands 58.73 58.24 
  solvent 53.60 61.81 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Fragment ID Fragment 59 

Name 
Tubulin-Z1896597864-
complex 

PDB ID 5S67 

Wavelength 0.91587 A 
Resolution range 56.13  - 2.1 (2.175  - 2.1) 
Space group P 21 21 21 
Unit cell 104.9 158.96 179.98 90 90 90 
Total reflections 1151391 (104073) 
Unique reflections 172793 (17301) 
Multiplicity 6.7 (6.0) 
Completeness (%) 98.34 (99.70) 
Mean I/sigma(I) 11.37 (0.59) 
Wilson B-factor 52.38 
R-merge 0.09418 (2.445) 
R-meas 0.1022 (2.682) 
R-pim 0.0394 (1.093) 
CC1/2 0.999 (0.269) 
CC* 1 (0.651) 

Reflections used in refinement 172436 (17301) 

Reflections used for R-free 8543 (857) 

R-work 0.2102 (0.3593) 
R-free 0.2380 (0.3795) 
CC(work) 0.955 (0.545) 
CC(free) 0.960 (0.445) 
Number of non-hydrogen atoms 18054 
  macromolecules 17462 
  ligands 183 
  solvent 409 
Protein residues 2213 
RMS(bonds) 0.002 
RMS(angles) 0.52 
Ramachandran favored (%) 97.66 
Ramachandran allowed (%) 2.25 
Ramachandran outliers (%) 0.09 
Rotamer outliers (%) 0.58 
Clashscore 8.66 
Average B-factor 69.38 
  macromolecules 69.69 
  ligands 64.91 
  solvent 58.09 
Number of TLS groups 24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Table S3. Tubulin fragment-binding sites identified by X-ray crystallography.  

β-Tubulin 

sID 1 SS 2 ResID 3 Fragment 
ID 4 

Vf 5 
(Å3)  PDB ID 6 Notes 

βI βH6 
βH9 
βH9-βS8 

βAsp 211 
βIle 212 
βArg 215 
βThr 216 
βLys 218 
βSer 298 
βLys 299 

01 
53 

173 5S4L 
5S61 

Unknown ligand-binding site 
 
Residue substitutions in human β-
tubulin isotypes: β2a/β2b, A298S; 
β1/β6, K299R; β8, R215K 

βII βH1 
βH7 
βS7 
βM 
βS8 
βS9-βS10 
βS10 

βVal 23 
βGlu 27 
βHis 229 
βAla 233 
βThr 234 
βSer 236 
βGly 237 
βPhe 272 
βPro 274 
βArg 320 
βPro 360 
βArg 369 
βLeu 371 
βSer 374 
βThr 376 

02 
03 

207 5S4M 
5S4N 

Taxane site 
 
Residue substitutions in human β-
tubulin isotypes: β1, V23M, A233L, 
A374S; β4a/β5/β6, S374A 

βIII βN-ter 
βH1’ 
βT7 

αThr 73 
βMet 1 
βLeu 46 
βGlu 47 
βArg 48 
βIle 49 
βAsn 50 
βVal 51 
βAla 250 
βAsp 251 

04 179 5S4O 
 

Unknown ligand-binding site 
 
Residue substitutions in human β-
tubulin isotypes: β5, E47D, N50S 

βIV αT5 
βS1 
βH1’ 
βS4 
βS5 
βS6 
βH7 
βT7 
βH8 
βS8 
βS9 
βS10 

αThr 179 
αAla 180 
αVal 181 
βIle 4 
βTyr 52 
βGln 136 
βAsn 167 
βPhe 169 
βGlu 200 
βTyr 202 
βVal 238 
βThr 239 
βCys 241 
βLeu 242 

03 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 

780 5S4N 
5S4P 
5S4Q 
5S4R 
5S4S 
5S4T 
5S4U 
5S4V 
5S4W 
5S4X 
5S4Y 
5S4Z 
5S50 
5S51 

Colchicine site 
 
Residue substitutions in human β-
tubulin isotypes: β1, E200A, Y202F, 
V238I, C241S, A317C, V318I, 
T353V; β2a/β2b, V318I; β3/β6, 
C241S, A317T, T353V; β8, Y202F, 
V318I 
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βGln 247 
βLeu 248 
βAsn 249 
βAla 250 
βLeu 252 
βLeu 255 
βAla 256 
βAsn 258 
βMet 259 
βPhe 268 
βAla 316 
βAla 317 
βIle 318 
βAsn 350 
βLys 352 
βThr 353 
βAla 354 
βIle 378 

18 
19 

5S52 
5S53 

βV αH11’ 
βS4 
βH4 
βH4-βS5 
βS5 
βH5 
βH5-βS6 
βH8 
βH8-βS7 

αHis 406 
αVal 409 
αGly 410 
αGlu 411 
βPhe 135 
βIle 154 
βIle 157 
βArg 158 
βTyr 161 
βPro 162 
βAsp 163 
βArg 164 
βIle 165 
βMet 166 
βVal 195 
βGlu 196 
βAsn 197 
βThr 198 
βAsp 199 
βArg 253 
βPro 263 
βArg 264 
βHis 266 

14 
20 
21 
22 
23 
24 
25 
26 

669 5S4Y 
5S54 
5S55 
5S56 
5S57 
5S58 
5S59 
5S5A 

Unknown ligand-binding site 
 
Residue substitutions in human β-
tubulin isotypes: β1, I154L, V195I, 
T198A; β3, I157V; β4a/β6, Y161F; 
β8, I154M, M166I, V195I, T198A 
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β1α2-Tubulin 

sID 1 SS 2 ResID 3 Fragment 
ID 4 

Vf 5 
(Å3)  PDB ID 6 Notes 

βαI αH8-αS7 
αH12 
βH11-βH11’ 

αTyr 262 
αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 
βArg 400 
βArg 401 
βLys 402 

27 
28 
29 

 

511 5S5B 
5S5C 
5S5D 

Unknown ligand-binding site 
 
Residue substitution in human β-
tubulin isotypes: β1, R400K 

βαII αH3-S4 
αS4 
αH4-αS5 
αS6 
αH8 
βT3 
βH3’ 
βT5 
βH11’ 

αCys 4 
αGln 133 
αGly 134 
αPhe 135 
αLeu 136 
αSer 165 
αLeu 167 
αAsp 199 
αCys 200 
αPhe 202 
αLeu 242 
αLeu 252 
αThr 253 
αGln 256 
αThr 257 
αLeu 259 
βGly 100 
βAsn 101 
βAsn 102 
βLys 105 
βVal 182 
βTrp 407 
βTyr 408 
βGlu 411 

04 
11 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

632 5S4O 
5S4V 
5S5E 
5S5F 
5S5G 
5S5H 
5S5I 
5S5J 
5S5K 
5S5L 
5S5M 
5S5N 
5S5O 
5S5P 
5S5Q 
5S5R 

Unknown ligand-binding site 
 
Located between the maytansine 
and pironetin sites 
 
Residue substitution in human β-
tubulin isotypes: β6, Y408F 
 

βαIII αT7 
αH8 
αH10 
αH10-αS9 
αS9 
βT5 
βH5 
βH6 
βH6-βH7 
βH7 
βH11 

αLeu 248 
αVal 250 
αAsn 258 
αPro 325 
αVal 328 
αAsn 329 
αIle 332 
αPro 348 
αGly 350 
αPhe 351 
αLys 352 
αVal 353 
αGly 354 
αIle 355 

03 
05 
07 
15 
22 
26 
29 
30 
38 
44 
45 
46 
47 
48 

1139 5S4N 
5S4P 
5S4R 
5S4Z 
5S56 
5S5A 
5S5D 
5S5E 
5S5M 
5S5S 
5S5T 
5S5U 
5S5V 
5S5W 

Vinblastine site 
 
Residue substitution in human β-
tubulin isotypes: β1, Q394H 
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βPro 173 
βSer 174 
βPro 175 
βLys 176 
βVal 177 
βSer 178 
βAsp 179 
βThr 180 
βVal 181 
βGlu 183 
βPro 184 
βTyr 210 
βThr 221 
βPro 222 
βThr 223 
βTyr 224 
βLeu 227 
βGln 394 

49 
50 
51 
52 
53 
54 
55 
56 

5S5X 
5S5Y 
5S5Z 
5S60 
5S61 
5S62 
5S63 
5S64 

 

 

α-Tubulin 

sID 1 SS 2 ResID 3 Fragment 
ID 4 

Vf 5 
(Å3)  PDB ID 6 Notes 

αI αH6 
αM 
αH9 
 

αArg 215 
αAsn 216 
αPro 274 
αVal 275 
αLys 280 
αLeu 286 
αAla 294 

05 185 5S4P 
 

Unknown ligand-binding site 
 
Residue substitutions in human α-
tubulin isotypes: α8, V275I, A294S 

αII αH1 
αH2 
αH2-αS3 
αH7 

αGln 15 
αAsn 18 
αAla 19 
αTrp 21 
αGlu 22 
αGlu 77 
αVal 78 
αGly 81 
αThr 82 
αTyr 83 
αPhe 87 
αThr 225 
αAsn 228 
αArg 229 

02 
25 
53 

364 5S4M 
5S59 
5S61 

Unknown ligand-binding site 
 
Residue substitutions in human α-
tubulin isotypes: α4a, V78I, T82P 
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Crystal contact/binding partner of T2R-TTL 

sID 1 SS 2 ResID 3 Fragment 
ID 4 

Vf 5 
(Å3)  PDB ID 6 Notes 

X1 αH1-αS2 αThr 41 
αIle 42 
αGly 43 
αGly 44 
αGly 45 
αAsp 46 

26 
39 
57 

- 5S5A 
5S5N 
5S65 

Site involving a crystal contact 
formed by a neighboring α-tubulin 
monomer 

X2 αH2- αS3 
αH3 
 

αHis 88 
αGlu 90 
αGln 91 
αArg 121 
αLys 124 
αLeu 125 

05 - 5S4P 
 

Site involving a crystal contact 
formed by a neighboring TTL 
molecule 

X3 αH4-αS5 
αH5 
βH11’ 

αSer 158 
αGly 162 
αLys 163 
αLys 166 
αGlu 196 
αHis 197 
αSer 198 
αAsp 199 
βGly 410 

58 
59 

- 5S66 
5S67 

Site involving residues of RB3 

 
1Fragment site identifiers. X1, X2 and X3 refer to sites that involve either a crystal contact (X1 and X2) 
or a tubulin-binding partner of the T2R-TTL complex (X3).  
2Secondary structural elements involved in site formation. 
3Residues that are in contact with the identified fragments (maximal distance of 4 Å).  
4Fragment ID according to the deposited structures in the RCSB Protein Data Bank. 
5Total fragment volume. 
6PDB IDs for the deposited structures in the RCSB Protein Data Bank.  
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Table S4. Contact points of tubulin dimers in the microtubule lattice that overlap with predicted 
pockets or fragment sites. 

β1α2-Tubulin 

pID/sID 1 ResID 2 Secondary structural elements 
involved 3 

sID βαIIα 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

------------- 
sID βαIIβ 

 

αCys 4 
αGln 133 
αGly 134 
αPhe 135 
αLeu 136 
αSer 165 
αLeu 167 
αAsp 199 
αCys 200 
αPhe 202 
αLeu 242 
αLeu 252 
αThr 253 
αGln 256 
αThr 257 
αLeu 259 
------------- 
βGly 100 
βAsn 101 
βAsn 102 
βLys 105 
βVal 182 
βTrp 407 
βTyr 408 
βGlu 411 

βT3 and βH3’ (longitudinal 
inter-tubulin dimer contact in 
microtubules) 
 
 
 
 
 
 
 
 
 
 
 
 
 
------------------------------------------- 
αH8 (longitudinal inter-tubulin 
dimer contact in microtubules) 

sID βαIIIα 
 
 
 
 
 
 
 
 
 
 
 
 
 

------------- 
sID βαIIIβ 

αLeu 248 
αVal 250 
αAsn 258 
αPro 325 
αVal 328 
αAsn 329 
αIle 332 
αPro 348 
αGly 350 
αPhe 351 
αLys 352 
αVal 353 
αGly 354 
αIle 355 
------------- 
βPro 173 
βSer 174 
βPro 175 
βLys 176 
βVal 177 

βT5 (longitudinal inter-tubulin 
dimer contact in microtubules) 
 
 
 
 
 
 
 
 
 
 
 
 
------------------------------------------- 
αH10, αH10-αS9 loop, and αS9 
(longitudinal inter-tubulin dimer 
contact in microtubules) 
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βSer 178 
βAsp 179 
βThr 180 
βVal 181 
βGlu 183 
βPro 184 
βTyr 210 
βThr 221 
βPro 222 
βThr 223 
βTyr 224 
βLeu 227 
βGln 394 

 

α-Tubulin 

pID/sID 1 ResID 2 Secondary structural elements 
involved 3 

pID αI αTyr 172 
αPro 173 
αAla 174 
αPro 175 
αSer 178 
αAla 180 
αVal 181 
αGlu 183 
αPro 184 
αSer 187 
αAsp 205 
αGlu 207 
αLys 304 
αCys 305 
αAla 387 
αArg 390 
αLeu 391 
αLys 394 
αLeu 397 
αMet 398 

βH10-βS9 loop (longitudinal 
intra-tubulin dimer contact)  

pID αVII αSer 54 
αGlu 55 
αThr 56 
αVal 62 
αPro 63 
αArg 64 
αHis 88 
αGlu 90 
αGln 91 
αArg 121 
αLys 124 
αLeu 125 
αGln 128 

Adjacent αM-loop (lateral inter-
tubulin dimer contact in 
microtubules) 
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1Pocket and site identifiers. Fragment sites that are located at the βTub1-αTub2 inter-dimer interface 
in the T2R-TTL complex and thus represent composite sites are considered separately as half sites; 
they are indicated with “α” and “β” superscripts to denote whether they belong to α- or β-tubulin, 
respectively.  
2Tubulin residues that are involved in pocket or site formation (taken from Table S1 and Table S3). 
Residues that are shared between a pocket or a site and an adjacent tubulin chain within the tubulin 
dimer or in the microtubule lattice (maximal distance of 4 Å) are shown in italic for unassembled 
“curved” tubulin and in bold for assembled “straight” tubulin. Residues that are shared between a 
pocket or a site independent of the conformational state of tubulin are shown in both bold and italic. 
3Secondary structural elements of the contacting tubulin monomer involved in interaction with 
residues forming a pocket or a site.  

The Protein Data Bank ID of the microtubule structure that was used for the analysis is PDB ID 3JAR.  
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Table S5. Contact points of protein partners that overlap with predicted pockets or fragment sites 
in tubulin.  

β-Tubulin 

sID/pID 1 ResID 2 Protein 3 Structural element involved 4 
sID βI βAsp 211 

βIle 212 
βArg 215 
βThr 216 
βSer 298 
βLys 299 

Targeting protein for Xklp2 
(TPX2) 
 
PDB ID: 6BJC 

C-terminal unstructured part of 
the wedge domain 
 
Binds also to sID βαI 

sID βV αHis 406 
αVal 409 
αGly 410 
αGlu 411 
βPhe 135 
βIle 154 
βIle 157 
βArg 158 
βTyr 161 
βPro 162 
βAsp 163 
βArg 164 
βIle 165 
βMet 166 
βVal 195 
βGlu 196 
βAsn 197 
βThr 198 
βAsp 199 
βArg 253 
βPro 263 
βArg 264 
βHis 266 

Cytoplasmic dynein 1 heavy 
chain 
 
PDB ID: 3J1U, 3J1T, 6RZA, 
6RZB 
 

Helix 1 of the microtubule-
binding domain 

sID βV αHis 406 
αVal 409 
αGly 410 
αGlu 411 
βPhe 135 
βIle 154 
βIle 157 
βArg 158 
βTyr 161 
βPro 162 
βAsp 163 
βArg 164 
βIle 165 
βMet 166 
βVal 195 
βGlu 196 
βAsn 197 

Centrosomal P4.1-associated 
protein (CPAP/SAS-4) 
 
PDB ID: 5ITZ, 5EIB 

Helical SAC region of the N-
terminal PN2-3 domain 
 



128 
 

βThr 198 
βAsp 199 
βArg 253 
βPro 263 
βArg 264 
βHis 266 

 

 

β1α2-Tubulin 

sID/pID 1 ResID 2 Protein 3 Structural element involved 4 
sID βαI αTyr 262 

αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 
βArg 400 
βArg 401 
βLys 402 

Kinesin-13  
 
PDB ID: 5MIO, 6BBN, 6B0I 

L2 hairpin specific to the motor 
domain of kinesin-13 family 
members 

sID βαI αTyr 262 
αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 
βArg 400 
βArg 401 
βLys 402 

Kinesin-5 
 
PDB ID: 5MM7 

Loop L2 of the motor domain of 
Ustilago maydis kinesin-5  

sID βαI αTyr 262 
αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 
βArg 400 
βArg 401 
βLys 402 

Targeting protein for Xklp2 
(TPX2) 
 
PDB ID: 6BJC 

N-terminal unstructured part of 
the ridge domain 
 
Binds also to sID βI 

sID βαI αTyr 262 
αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 
βArg 400 
βArg 401 

Tau 
 
PDB ID: 6CVN, 6CVJ 
 

R1 and R2 repeats 
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βLys 402 
sID βαIα 

 
αTyr 262 
αPro 263 
αArg 264 
αIle 265 
αAsp 431 
αGlu 434 
αVal 435 

iE5 alphaRep 
 
PDB ID: 6GWC 

Helix 2 of the N-cap 

sID βαIIIα 
 

αLeu 248 
αVal 250 
αAsn 258 
αPro 325 
αVal 328 
αAsn 329 
αIle 332 
αPro 348 
αGly 350 
αPhe 351 
αLys 352 
αVal 353 
αGly 354 
αIle 355 

Stathmin like domain of RB3 
 
PDB ID: 1FFX, 6GVM 

N-terminal β-hairpin 

sID βαIIIβ βPro 173 
βSer 174 
βPro 175 
βLys 176 
βVal 177 
βSer 178 
βAsp 179 
βThr 180 
βVal 181 
βGlu 183 
βPro 184 
βTyr 210 
βThr 221 
βPro 222 
βThr 223 
βTyr 224 
βLeu 227 
βGln 394 

Designed Ankyrin Repeat 
Protein (DARPin) 
 
PDB ID: 4DRX, 5EYP 

Repeat 4 
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α-Tubulin 

sID/pID 1 ResID 2 Protein 3 Structural element involved 4 
pID αII 

(αI) 
 

αPhe 141 
αTyr 172 
αMet 203 
αVal 204 
αAsp 205  
αGlu 207 
αPhe 267  
αPro 268 
αLeu 269 
αAla 270 
αVal 303 
αLys 304 
αCys 305 
αAsp 306 
αPro 307 
αHis 309 
αAla 383 
αIle 384 
αGlu 386 
αAla 387 
αTrp 388 
αArg 390 
αLeu 391 
αLys 394 

Tubulin Tyrosine Ligase (TTL) 
 
PDB ID: 4IHJ 

Loops β3-β4 and α9-β13  

pID αV 
 

αPro 274 
αIle 276 
αLys 280 
αAla 281 
αTyr 282 
αHis 283 
αGlu 284 
αGln 285 
αLeu 286 
αAla 369 
αLys 370 
αVal 371 
αGln 372 
αArg 373 

Stu2p/Alp14p 
 
PDB ID: 6MZG 

Helix HRA4 of the tumor 
overexpressed gene 1 (TOG1) 
domain 
 
 

pID αVI 
 

αAsn 258 
αPro 261 
αMet 313 
αAla 314 
αCys 315 
αPhe 343 
αCys 347 
αPro 348 
αGly 350 
αPhe 351 
αLys 352 

Stathmin like domain of RB3 
 
PDB ID: 1FFX, 6GVM 

N-terminal β-hairpin 
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pID αVII αSer 54 
αGlu 55 
αThr 56 
αVal 62 
αPro 63 
αArg 64 
αHis 88 
αGlu 90 
αGln 91 
αArg 121 
αLys 124 
αLeu 125 
αGln 128 

iiiA5 alphaRep 
 
PDB ID: 6GX7 

Helices 2 and 4  

 
1Pocket and site identifiers. Fragment sites that are located at the βTub1-αTub2 inter-dimer interface 
in the T2R-TTL complex and thus represent composite sites are considered separately as half sites; 
they are indicated with “α” and “β” superscripts to denote whether they belong to α- or β-tubulin, 
respectively. 
2Tubulin residues that are involved in pocket or site formation (taken from Table S1 and Table S3). 
Residues that are shared between a pocket or a site and the tubulin-binding region of a protein partner 
(maximal distance of 4 Å) are shown in italic for unassembled “curved” tubulin and in bold for 
assembled “straight” tubulin.  
3Protein partners that target a pocket or a site. The Protein Data Bank IDs of the structures that were 
used for the analysis are indicated. For some proteins, the composite fragment sites located at the 
βTub1-αTub2 inter-dimer interface were split and considered separately as sub β-tubulin and sub α-
tubulin sites (indicated with superscripts).  
4Structural elements of the protein partner that is involved in the interaction with a pocket or a site.  
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3. From fragment hit to potent, small 
molecule ligand targeting tubulin 
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3. From fragment hit to potent, small molecule ligand 

targeting tubulin 

3.1 Declaration of contribution 

In this pilot project we wanted to see if our fragment hits can be used to develop a potent small 

molecule ligand that targets tubulin. It was a collaboration between the groups of Prof. Dr. Michel 

Steinmetz and Prof. Dr. Andrea Cavalli, who also designed and organized the overall project. The 

decision for the site to tackle and the starting fragment stems from a discussion between Dr. Dario 

Gioia, Dr. Andrea Prota, Dr. Jose Ortega, Prof. Dr. Michel Steinmetz, Prof. Dr. Andrea Cavalli and me. 

Dr. Noelia Montel De La Roche synthesized all the novel compounds, while I provided all cell activity 

data and, with support from Dr. Andrea Prota, all crystal structures. Dr. Bibhas Roy took the cell 

images. Dr. Jose Ortega and Dr. Rita Maria Concetta Di Martino wrote the first draft of the manuscript, 

I prepared all crystallography and cell based figures. Together with Prof. Dr. Michel Steinmetz and Dr. 

Jose Ortega, we finalized the manuscript to its current form. 

The following section contains an advanced draft of the manuscript. We plan on submitting the paper 

in 2022 after revisions. 
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3.2 Draft of the manuscript 

From fragment hit to potent, small molecule ligand targeting tubulin  

 

Noelia Montel de la Roche1,4,†, Tobias Mühlethaler2,†, Rita Maria Concetta Di Martino1, Jose Antonio 

Ortega1, Dario Gioia1, Bibhas Roy3, Andrea E. Prota2, Michel O. Steinmetz2,5, Andrea Cavalli1,4 

 

1Computational & Chemical Biology, Instituto Italiano di Tecnologia, via Morego, 30, 16163 Genova, Italy 

2Laboratory of Biomolecular Research, Department of Biology and Chemistry, Paul Scherrer Institut, 5232 

Villigen PSI, Switzerland 

3Laboratory for Nanoscale Biology, Department of Biology and Chemistry, Paul Scherrer Institut, 5232 Villigen 

PSI, Switzerland 

4Department of Pharmacy and Biotechnology, Alma Mater Studiorum, University of Bologna, via Belmeloro 6, 

40126 Bologna, Italy 

5University of Basel, Biozentrum, CH-4056 Basel, Switzerland 

†These authors contributed equally to the work 

 

 

Abstract 

In a previous study we identified 56 chemically diverse fragments targeting 10 distinct binding sites in 

tubulin. Based on these results, we wanted to provide a proof of principle that shows that the 

identified tubulin-binding fragments can be developed into lead-like molecules. To this end, we sought 

to conduct a pilot project using a fragment that targets the well-known colchicine site. We chose a 

fragment that structurally resembles the well-characterized tubulin targeting agent nocodazole. 

Probing the intricate hydrogen bond network formed between the chosen fragment and tubulin 

revealed that these original interactions are already optimal. In a further round of optimization, we 

grew the fragment and finally achieved sub-micromolar activity on cells. Cell imaging and structural 

analyses further revealed that our compound indeed disrupts microtubule formation by the well-

known mechanism inherent to colchicine site ligands. Our work demonstrates, that our previously 

found fragments can indeed be developed into lead-like compounds. 
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Introduction 

Microtubules are a filamentous part of the cytoskeleton assembled from their building block αβ-

tubulin. They exhibit a high dynamicity that enables them to partake in various key functions of cells 

such as cell division or cell motility. It is thus not surprising that huge efforts have been undertaken to 

develop drugs that interfere with microtubule dynamics thereby hindering cell division to treat cancer 

or infectious diseases (Kavallaris, 2010; Yang and Horwitz, 2017). Since the introduction of paclitaxel 

to the clinic proved mitotic inhibition as a viable anti-cancer strategy, four additional microtubule 

targeting drugs have been approved. While these drugs work via various mechanisms of action, they 

are all derived from natural sources, which makes them chemically complex and difficult to produce 

(Dumontet and Jordan, 2010). 

We therefore wondered if chemically simpler, small molecule ligands targeting tubulin are feasible. 

We previously conducted an X-ray crystallography based fragment screen targeting tubulin, where we 

identified 56 novel and chemically diverse fragments that bind to 10 distinct binding sites on tubulin 

(Mühlethaler et al., 2021). As a first pilot project we here decided to target the well-known colchicine 

site (Ravelli et al., 2004). The colchicine site is a deep, mostly hydrophobic pocket located at the intra-

dimer interface between the α- and β-tubulin subunits (Steinmetz and Prota, 2018). Ligands binding 

to the colchicine site act as microtubule destabilizing agents by rendering tubulin assembly 

incompetent. As a starting point, we chose a fragment that resembles nocodazole, a well-

characterized colchicine site ligand too toxic for the use in the clinic (Wang et al., 2016). To this end, 

we employed a combined structure-computation based approach to modify the core of the fragment 

as well as to grow it. Our study provides a proof of principle that tubulin-binding fragments can be 

developed into active, lead-like molecules. 

  



137 
 

Results and discussion 

Design and chemistry 

Among the sixteen different colchicine-site binders identified in our previous study, fragment 1 was 

selected as its chemical structure bears similarity to nocodazole based on a shared 2-

aminobenzimidazole core (Figure 1A). Nocodazole is a widely known microtubule disruptor with 

antimitotic and antitumor activity, but was shown to be too toxic for use in the clinic (Lu et al., 2012). 

Recently, we solved the crystal structure of nocodazole-bound tubulin (Table S1 and Figure S1) where 

we interestingly observed a 180° flipped pose for the thiophene ring compared to the previously 

published one (PDB ID: 5CA1; (Wang et al., 2016)). The rest of the interaction between nocodazole 

and tubulin remains the same for both structures, which consists of a hydrogen bonding network from 

the endo- and exocyclic amino groups of the 2-aminobenzimidazole to βE200 and the main chain of 

βV238 as well as one hydrogen bond between the oxygen of the carbamate moiety and βN167. The 

rest of the nocodazole-binding site is mainly comprised of hydrophobic contacts. Remarkably, the 

superimposition of fragment 1 with nocodazole shows comparable binding modes involving the same 

interactions from the benzimidazole core, and the oxygen atom of 1 furan ring replacing the 

interaction of the nocodazole carbamate with βN167 (Figure 1B). Overall, fragment 1 sits slightly 

deeper in the colchicine site towards where it is capped by sheets βS5 and βS6.  

 

Figure 1. Structures of nocodazole and fragment 1.  

(A) Chemical structures of nocodazole and fragment 1. Hydrogen bond donors are marked in blue and 
hydrogen bond acceptors are marked in red. (B) Superimposition of the crystal structures of 
nocodazole (cyan) and 1 (orange, PDB ID: 5S50) bound to tubulin. α- and β-tubulin are shown in dark 
grey and light grey ribbon representation, respectively. Interacting residues are shown in stick 
representation and labelled in black, with secondary structure elements labelled in blue. Hydrogen 
bonds are depicted by dashed lines in the same color as the according ligand. 
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Surprisingly, when we assessed the activity of fragment 1 in a resazurin-based cell cytotoxicity assay 

it showed moderate inhibition of cell proliferation in HeLa cells with an IC50 value in the mid 

micromolar range (Table 2, Figure S3). In the light of this initial activity and the nocodazole-like 

hydrogen bond network, fragment 1 was recognized as a promising starting point for designing novel 

series of microtubule disruptors (Table 1). 

Table 1. Chemical structures of new 2-aminobenzimidazole derivatives as potential microtubule 

disruptors. 

 
Cpd# X Y R1 R2 Cpd# X Y R1 R2 

1 NH H H 
 

10 NH H H CH2OCH3 

2 NCH3 H H 
 

11 NH H CH3 
 

3 O H H 
 

12 NH H Cl 
 

4 NH CH3 H 
 

13 NH H COOCH3 
 

5 NH H H 

 

14 NH H CF3 
 

6 NH H H 

 

15 NH H COPh 
 

7 NH H H 
 

16 NH H CN 
 

8 O H H 

 

17 NH H OCH3 
 

9 NH H H 
 

18 NH H OPh 
 

 

Since the crystal structure of 1 highlighted the crucial role of H-bond interactions for target 

engagement (Figure 1), we developed a first series of 1 derivatives in which modifications were 

introduced at both positions 1 and 2 of the benzimidazole core and on the furan ring. First, to study 

the importance of the NH as hydrogen bond donor (HBD) group at position 1, we designed 2 and 3 in 

which we removed the HBD by N-methylation and replaced it with a hydrogen bond acceptor (HBA), 
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respectively. In analog 4 we removed the HBD at position 2 via N-methylation, while in derivative 5 

the HBA on the furan was removed by insertion of a thiophene ring.  

Next, to explore the chemical space of the colchicine site and gain insight into the binding mode of 

the furan moiety, we designed 6 and 7 characterized by a 2-methyl-furan ring and a pyridine, 

respectively. In addition, we developed the benzoxazole 8 combined with a methyl group at the α 

position of the furan ring to investigate the combined effect of steric hindrance and HBD removal. 

Finally, in derivatives 9 and 10 we investigated the effect of removing the furan ring aromaticity and 

the necessity of conformational constraint for target recognition, respectively.  

In series II, we aimed at growing fragment 1 by inserting a large set of substituents with different 

electronic and size properties (Table 1). The design of these analogs was driven by structural 

information from 1-tubulin interaction X-Ray analysis and well-known binders of the colchicine site 

such as nocodazole or mebendazole (Lacey and Watson, 1985a; Lacey and Watson, 1985b; Andersson 

et al., 2020; McLoughlin and O'Boyle, 2020), and was assisted by computational studies. Both 

nocodazole and mebendazole structures, as well as docking studies, suggested an interesting growth 

vector from position 5 of the 2-aminobenzimidazole framework and encouraged us to explore the 

chemical space and the shape of the colchicine site in this position. Therefore, we developed 5-

substitued analogs encompassing different electron withdrawing groups, namely chloro, 

methylcarboxylate, trifluoromethyl, and cyano (12, 13, 14 and 16, respectively, Table 1), electron-

donating groups, as methyl and methoxy (11 and 17, respectively, Table 1) and bulky moieties like 

benzoyl and phenoxy (15 and 18, respectively, Table 1).  

Two different synthetic strategies were successfully applied for preparing both series I and II 

derivatives (Table 1) according to the commercial availability of the starting materials (Figure 2): 1) a 

nucleophilic aromatic substitution reaction (SNAr) to functionalize the heterocyclic core at 2-position; 

2) cyclodesulfurization to assemble the 2-aminobenzimidazole scaffold starting from the proper orto-

dianilines and isothiocyanates.  

 

 

Figure 2. General strategies to prepare 2-aminobenzimidazole and 2-aminobenzoxazole derivatives. 
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SNAr between the 2-methylsulfonylbenzimidazole intermediates 20 or 21 and the appropriate amine 

in the presence of triethylamine gave compounds 1, 2, 4-7 with low to moderate yields (Scheme 

1).(Lan et al., 2008) 2-methylsulfonyl-1H-benzimidazole 20 was in turn synthesized by oxidation of the 

2-methylsulfane derivative 19, (Ni et al., 2009) while 1-methyl-2-methylsulfonyl-benzimidazole 21 was 

commercially available.  

 

Scheme 1. Synthesis of 2-aminobenzimidazole derivatives 1, 2, 4-7. Reagents and conditions: i. mCPBA 
(3 eq.), CH2Cl2, 0 °C to rt, 1 h, yield 85 %. ii. NHYCH2R2 (5 eq.), Et3N (5 eq.), Ar, 120 or 130 °C, 24-72 h, 
yields 11-51 %.  

 

Benzoxazole derivatives 3 and 8 were synthesized via SNAr of commercially available 2-

chlorobenzoxazole 22 with the appropriate amines in dimethylformamide (Scheme 2) at room 

temperature (Jayyosi et al., 2000). Due to the higher reactivity of benzoxazole-based intermediate 22 

milder experimental conditions allowed to afford the target compounds.   

 

Scheme 2. Synthesis of benzoxazole derivatives 3 and 8. Reagents and conditions: i. Amine (1 eq.), 
DMF, rt, 16 h, yields 26-38 %. 

 

Compounds 9-18 were synthesized according to a one-pot strategy procedure were an appropriate 

isothiocyanate reacted with a proper orto-dianiline affording a monothiourea intermediate, which 

gave the desired 2-aminobenzimidazole via a phosphonium-mediated cyclodesulfurization (Scheme 3; 

(Wan et al., 2011)).   
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Scheme 3. Synthesis of 2-aminobenzimidazole derivatives 9-18. Reagents and conditions: i. DIPEA (1 
eq.), CH3CN, rt, 24-120 h. ii. BOP (1.5 eq.), DBU (2 eq.), rt to 80 °C, 1-27 h, yields 11-47 %. 

 

Evaluation of compounds 

All synthetized compounds were first screened for their capability to affect the viability of HeLa cells 

at 100 µM concentration in a resazurin-based cell cytotoxicity assay with nocodazole as a positive 

control and DMSO as a vehicle control (Tables 2 and 3). For the active compounds, the IC50 values 

were determined in a second round as summarized in Tables 2 and 3 and Figure S3.  

In series I, we sought to test which components of the hydrogen bonding network between fragment 

1 and tubulin are crucial, by first removing them individually and then replacing the furan ring. First, 

N-methylation at both position 1 (2) and 2 (4) of the 2-aminobenzimidazole scaffold did not retain the 

activity of 1 on cell viability. Neither did the replacement of HBD with a HBA at 1-position (3) and 

removal of the oxygen atom (HBA) on the furan ring (5). All these results suggested the all HBD and 

HBA patterns of fragment 1 are important structural elements for anti-proliferative effects and should 

not be altered.  

Next, we modified the furan ring, which is located in a deep and narrow pocket mostly comprised of 

aromatic and hydrophobic residues. An insertion of a methyl group in 6 was well tolerated, as seen by 

an almost 2-fold increase in activity for reducing cell proliferation in comparison with the parent 1. On 

the other hand, replacement of the five-membered ring with a pyridine resulted in a complete loss of 

cell viability inhibition (7) suggesting limited size of the binding pocket involved in the furan 

accommodation. Moreover, combining benzoxazole with the methylfuran (8) did not affect cell 

viability, further demonstrating the importance of the HBD at 1-position of the central core. Finally, 

replacement of the furan ring with a more flexible tetrahydropyrane moiety (9) or a linear chain (10) 

again showed a complete loss of effects on cell viability.  
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Table 2. Cell viability data of fragment 1 and the first series of derivatives. 

Compound Cell viability 
(at 100 µM)a IC50 [µM]a Compound Cell viability 

(at 100 µM)a IC50 [µM]a 

1 39±2.6 % 54 
(49-59) 6 39±1.7 % 22 

(21-24) 

2 103±7.8 % n.d.b 8 72±5.0 % n.d.b 

3 70±4.7 % n.d.b 7 114±1.1 % n.d.b 

4 117±3.0 % n.d.b 9 91±1.7 % n.d.b 

5 91±9.9 % n.d.b 10 98±9.8 % n.d.b 
a values are reported as a mean of three determinations and confidence interval is given in brackets.  
b data not determined. 

 

With these results in hands, we selected compound 6, the only compound able to affect cell viability 

besides the parent fragment 1, and the non-active derivatives 2, 4 and 7 for further X-Ray studies. 

Among all derivatives, only compound 6 was found to bind to tubulin under the same conditions as 1 

(Figure S2). These results show that for series I we can assume with high confidence that a loss of 

activity in the cell assay correlates with a loss of binding to tubulin. Taken together, the results of 

series I show that fragment 1 already has optimal hydrogen bonding properties and highlight the 

important role of both HBD and HBA in the 2-aminobenzimidazole core. Furthermore, they 

demonstrate that the furan ring at the deep end of the colchicine site almost optimally fills the cavity, 

and only small elongating modifications like a methyl group might be tolerated.  

Next, with series II we explored the possibility of growing fragment 1 at the benzimidazole 5-position 

while leaving the rest of fragment 1 unchanged. For all compounds of series II, the binding properties 

of the two possible tautomeric forms generated by derivatization of the 2-aminobenzimidazole 

structure at 5-position were investigated by docking studies (Table S2). Most of the novel compounds 

showed a 5 to 8-fold increase in activity (Table 3, Figure S3) most likely because they further extend 

towards the βT7 loop and form favorable, mostly hydrophobic interactions with their environment. 

However, three compounds behaved vastly different. A complete loss of activity was found for the 5-

benzoyl (15) derivative and almost complete loss for the 5-cyano (16) derivative. On the other hand 

the phenoxy derivative 18 emerged as the most active one as confirmed by its IC50 value of 0.94 µM 

(Table 3).  
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Table 3. Cell viability data of fragment 1 and 5-substituted derivatives. 

Compound Cell viability 
(at 100 µM)a IC50 [µM]a 

1 39±2.6 % 54 
(49-59) 

11 31±0.9 % 5.6 
(5.2-6.0) 

12 27±0.6 % 4.5 
(4.1-5.0) 

13 42±0.3 % 7.0 
(6.3-7.8) 

14 30±0.3 % 9.9 
(9.3-11) 

15 88±6.2 % n.d.b 

16 58±2.5 % >80 

17 34±0.2 % 10 
(8.9-12) 

18 30±0.8 % 0.94 
(0.87-1.0) 

a values are reported as a mean of three determinations and confidence interval is given in brackets.  
b data not determined. 

 

Interestingly, insertion of a 5-benzoyl group substituent (15) led to total loss of activity in cells, which 

is in contrast to the results of the computational studies (Table S2) and mebendazole evidences. To 

investigate this unclear behavior and exclude solubility and/or cell membrane permeability issues 

related to the cell viability assay, we performed X-Ray studies on 15 and the most active analog 18 

(Table S1 and Figure S1). As shown in Figure 3, only 18 was found to bind, whereas no electron density 

in the colchicine site was observed for 15. This strengthens our evidence that we can correlate activity 

in the cell assay with ability to bind tubulin.  

 

Figure 3. Electron densities observed in the colchicine site. 

(A) and (B) Electron-density maps of the colchicine site of the tubulin-18 (A) and tubulin-15 (B) complex 
structures. For both maps, the SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc (light green 
mesh) omit maps are contoured at +1.0 σ and +3.0 σ, respectively. 
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Remarkably, the binding pose of 18 observed by crystallography was consistent with that 

hypothesized in the docking studies (Figure 4A), including the somehow unexpected orientation of the 

furan ring that prevented the formation of a hydrogen bond with the βN167. This could be explained 

by the steric hindrance of the rather rigid innermost portion of the pocket, which is tightly packed 

between helices βH7 and βH8, and sheet βS4, βS5 and βS6 (Figure 4B). This further corroborates why 

none of the substitutions that were larger than the furan ring retained activity. Nevertheless, despite 

the lack of this interaction, due to the added hydrophobic interactions of the phenoxy group activity 

was increased compared to 1, as was predicted by the docking study (Table S2). 

 
Figure 4. Structural details of 18 bound to tubulin.  

(A) Superimposition of the predicted binding pose (pink) and X-ray structure (green) of compound 18. 
α- and β-tubulin are shown in dark grey and light grey ribbon representation, respectively. Interacting 
residues are shown in stick representation and labelled in black, with secondary structure elements 
labelled in blue, and hydrogen bonds are depicted by dashed lines. (B) Surface representation of the 
cavity surrounding 18. The surface is colored with a gradient from white to red corresponding to 
hydrophilic to hydrophobic. 
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Lastly, we investigated compound 18 ability to interfere with microtubules in cells. To this end, we 

treated cells for 1 hour or 4 hours with 18 or nocodazole (Figure 5A). Both treatments showed a similar 

picture after already 1 hour where the microtubules were completely disrupted and the cell shapes 

grew larger and rounder due to the actin filaments expanding without the microtubule 

counterbalance. In addition, the nuclei started to increase in size. The effects slightly increased 

towards the 4 hour mark of treatment. We can therefore conclude that 18 exerts its cytotoxic effect 

as expected via microtubule disruption.  

 

Figure 5. Mechanism of action of 18.  

(A) Immunostaining images of HMF3a cells after treatment with compound 18 or nocodazole for 1 
hour or 4 hours. Microtubules are stained in red and the nuclei are stained blue. Scale bar: 50 μm. (B) 
Superimposition of the tubulin-18 (white ribbon representation) structure with an apo-tubulin 
structure (light brown ribbon representation; PDB ID: 4IHJ). Secondary structure elements are labeled 
in blue. 
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Next, we looked at the mechanism of action of 18 by superimposing its structure with an apo-tubulin 

structure (PDB ID: 4IHJ). While the two structures readily align, a major displacement of the βT7 loop 

can be seen (Figure 5B). This displacement is a general characteristic for colchicine-site ligands (Ravelli 

et al., 2004). Hindering free movement of the βT7 loop renders tubulin assembly incompetent thus 

hindering microtubules from being formed. 

The encouranging results obtained with derivatives of series II, particularly with 18, confirmed the 5-

position of fragment 1 as a promising derivatization point to develop novel 2-aminobenzimidazole-

based ligands with improved tubulin binding, microtubule-destabilizing activity and antiproliferative 

properties. 

 

Conclusions 

In summary, starting from fragment 1 that was identified in our previous study, we performed a SAR 

exploration assisted by X-ray crystallography and computational aided drug design protocols to 

develop new series of 2-aminobenzimidazole derivatives able to disrupt microtubule networks in cells 

by binding tubulin at the colchicine site. The best antiproliferative results were obtained with analogs 

of series II, in which substituents of different size and electronic properties were introduced at 5-

position of the benzimidazole core of fragment 1. Among all derivatives, 18 bearing a phenoxy group 

proved to be 50-fold more potent than fragment 1 in affecting cell proliferation. Further X-ray 

crystallographic investigations corroborated the interaction of 18 with the colchicine site, which is in 

line with docking studies and cell immunostaining experiments combined. The obtained results 

allowed us to confirm that 18 indeed acts via microtubule disruption. Taken together, our work 

demonstrates that the tubulin-binding fragments identified in our previously conducted 

crystallographic fragment screen can indeed be developed into potent, lead-like molecules using a 

structure-based, rational design approach.  
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Supplementary information to chapter 3 

Supplementary materials and methods 

I. Synthesis of compounds 

General conditions 

All of the commercially available reagents and solvents were used as purchased from vendors without 

further purification. Automated column chromatography purifications were done using a Teledyne 

ISCO apparatus (CombiFlash Rf) with prepacked silica gel columns of different sizes and mixtures of 

increasing polarity of different solvents. NMR experiments were run on a Bruker Avance III 400 system, 

equipped with a BBI probe and Z-gradients and on a Bruker UltrashieldTM Plus FT-NMR 600 MHz 

Avance III, equipped with a CryoProbeTM QCI 1H/19F/13C/15N and with a SampleJet autosampler and 

temperature control. Spectra were acquired at 300 K, using deuterated dimethyl sulfoxide (DMSO-d6), 

deuterated chloroform (CDCl3) or deuterated methanol (methanol-d4) as solvents. For 1H-NMR, 

standard abbreviations indicating spin multiplicity are given as follows: br = broad signal, s = singlet, d 

= doublet, dd = doublet of doublets, t = triplet, td = triplet of doublets, q = quartet, m = multiplet. The 

analyses by UPLC/MS were run on a Waters Acquirity UPLC/MS system consisting of a SQD (single 

quadrupole detector) mass spectrometer equipped with an electrospray ionization interface and a 

photodiode array detector. The PDA range was 210-400 nm. Analyses were performed according to 

method 1, 2 or 3. In methods 1 and 3, a Waters Acquirity UPLC BEH C18 column (particle size 1.7 μm, 

50 x 2.1 mm ID) with a Vanguard BEH C18 pre-column (particle size 1.7 μm, 5 x 2.1 mm ID) was used. 

In method 2, the experiments were run on a Waters Acquirity UPLC HSS T3 C18 (particle size 1.8 μm, 

50 x 2.1 mm ID) column with a VanGuard HSS T3 C18 (particle size 1.8 μm, 5 x 2.1 mm ID) pre-column. 

The mobile phase was: 10 mM NH4OAc in H2O at pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in 

ACN-H2O (95:5) at pH 5 (B); depending on the analysis method used, different gradients were applied. 

In particular, in analysis method 1, the mobile-phase B proportion increased from 5 % to 95 % in 2.5 

min. In analysis method 2, the mobile-phase B proportion increased from 0 % to 50 % in 2.5 min. In 

method 3, mobile-phase B proportion increased from 50 % to 100 % in 2.5 min. Electrospray ionization 

in positive and negative modes were applied. Microwave heating was performed using Explorer-48 

positions instrument (CEM). 

 

General procedure A. Synthesis of 2-aminobenzimidazole derivatives via SNAr 

Unless otherwise specified, triethylamine (5.0 eq.) was dropwise added to a mixture of the 

appropriate sulfone (1.0 eq.) and amine (5.0 eq.) under argon atmosphere. The obtained mixture was 
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stirred at 120 °C by conventional heating. If required, additional amine was added (amount specified 

for each compound) to get reaction completion. The reaction crude was cooled to rt and purified by 

silica gel flash phase chromatography. If required, final trituration was performed in a suitable solvent 

(specified for each compound) to afford pure compounds. 

 

General procedure B. Synthesis of 2-aminobenzoxazole derivatives via SNAr 

A mixture of commercial 2-chlorobenzoxazole (1.0 eq.) and the appropriate amine (1.0 eq.) in dry DMF 

(1 ml) was stirred at rt. for 16 h. The reaction crude was poured into water (10 ml) and filtrated under 

vacuum to afford a crude residue. The filtrate was then extracted with DCM (2 x 10 ml), dried over 

Na2SO4, concentrated to dryness and combined with the residue. Purification by silica gel flash phase 

chromatography afforded pure compounds.  

 

General procedure C. Synthesis of 2-aminobenzimidazole derivatives via cyclodesulfurization 

Unless otherwise stated, the appropriate diamine (1.0 eq.), DIPEA (1.0 mmol) and the corresponding 

isothiocyanate (1.0 eq.) in dry ACN (5 ml) were allowed to react at rt. Formation of monothiourea 

intermediate was monitored by UPLC-MS (the reaction time is specified for each compound). If 

required, further isothiocyanate was added during the course of the reaction (amount specified for 

each compound). Then, BOP (1.5 eq.) and DBU (2 eq.) were sequentially added and the mixture was 

allowed to stir at rt, for a specific time depending on the starting compounds used. In some specific 

cases, the mixture was heated to 80 °C to drive the reaction to completion. The mixture was 

concentrated to dryness, diluted with DCM (10 ml) and washed with a saturated NaHCO3 solution (3 

x 10 ml). The organic phase was dried over Na2SO4 and concentrated under vacuum. The crude residue 

was purified by gel flash chromatography using mixtures of increasing polarity of cyclohexane and 

ethyl acetate or DCM and DCM:NH3 (1 N) solution in MeOH (8:2).  

 

Synthesis of N-(2-furylmethyl)-1H-benzimidazol-2-amine (1) 

Step 1. Synthesis of 2-methylsulfonyl-1H-benzimidazole (20) 

 

3-chloroperbenzoic acid (1.7 g, 7.8 mmol) was added to a stirred mixture of 2-methylsulfanyl-1H-

benzimidazole (0.45 g, 2.6 mmol) in dry DCM (52 ml) at 0 °C. The resulting mixture was stirred at 0 °C 
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for 10 minutes and at rt. for additional 1 h. Saturated aqueous sodium sulfite solution (130 ml) was 

added at 0 °C and the resulting mixture stirred at rt. for extra 1 h. After separation of the phases, the 

organic phase was washed with brine (50 ml), dried over Na2SO4 and concentrated to dryness at low 

pressure to afford the title compound  as a white solid (435 mg, 85 % yield). Rt = 1.22 min (analysis 

method 1). MS (ESI) m/z: 197.0 [M-H]+, calculated: 197.04 [C8H9N2O2S]+. 1H-NMR (400 MHz, DMSO-d6) 

δ 7.78-7.66 (m, 2H), 7.45-7.35 (m, 2H), 3.49 (s, 3H). 

 

Step 2. Synthesis of N-(2-furylmethyl)-1H-benzimidazol-2-amine (1) 

 

1 was synthesized following the general procedure A previously described by reacting 20 (0.133 g, 

0.68 mmol), and furfurylamine 22 (0.31 ml, 3.4 mmol) for 24 h. Purification by silica gel flash 

chromatography (DCM/ethyl acetate from 100/0 to 40/60) afforded title compound as a beige solid 

(51 mg, 35 % yield). Rt = 1.30 min (analysis method 1). MS (ESI) m/z: 214.1 [M-H]+, calculated: 214.10 

[C12H12N3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 10.76 (br s, 1H), 7.64-7.50 (m, 1H), 7.22-7.06 (m, 2H), 

7.00 (t, J = 6.0 Hz, 1H), 6.94-6.78 (m, 2H), 6.44-6.33 (m, 1H), 6.33-6.24 (m, 1H), 4.49 (d, J = 6.0 Hz, 2H). 
13C-NMR (101 MHz, DMSO-d6) 155.08 (C), 153.24 (C), 141.92 (CH), 119.91 (CH), 118.33 (CH), 114.82 

(CH), 110.41 (CH), 108.70 (CH), 106.66 (CH), 39.05 (CH2). 

 

Synthesis of N-(2-furylmethyl)-1-methyl-benzimidazol-2-amine (2)  

 

2 was synthesized following the general procedure A previously described using commercial 1-methyl-

2-(methylsulfonyl)benzimidazole 21 (0.135 g, 0.63 mmol) and furfurylamine 22 (0.28 ml, 3.15 mmol). 

The reaction was performed using conventional heating for 48 h. Then, additional amine (0.11 ml, 1.26 

mmol) was added and the mixture was stirred under microwave irradiation for 6 h (120 °C, power 200 

W). The crude mixture was purified by silica gel flash chromatography (DCM/ethyl acetate from 100/0 

to 90/10). Final sequential trituration in petroleum ether (2 ml) and diethyl ether (2 ml) afforded title 

compound as a white solid (60 mg, 42 % yield). Rt = 1.40 min (analysis method 1). MS (ESI) m/z: 228.1 
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[M-H]+, calculated: 228.11: [C13H14N3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 7.63-7.52 (m, 1H), 7.25-7.06 

(m, 3H), 7.00-6.88 (m, 2H), 6.43-6.35 (m, 1H), 6.35-6.28 (m, 1H), 4.56 (d, J = 5.7 Hz, 2H), 3.50 (s, 3H). 
13C-NMR (101 MHz, DMSO-d6) 154.80 (C), 153.17 (C), 142.30 (C), 141.91 (CH), 135.35 (C), 120.27 (CH), 

118.46 (CH), 115.11 (CH), 110.46 (CH), 107.35 (CH), 106.92 (CH), 39.15 (CH2), 28.25 (NCH3). 

 

Synthesis of N-(2-furylmethyl)-N-methyl-1H-benzimidazol-2-amine (4) 

 

4 was afforded by reacting 20 (0.133 g, 0.68 mmol) and 1-(furan-2-yl)-N-methylmethanamine 23 (0.4 

ml, 3.4 mmol) according to the general procedure A for 48 h, then the mixture was heated to 130 °C 

for additional 3 days. The crude mixture was purified by silica gel flash chromatography (CHCl3/ 

CHCl3:MeOH (8:2) from 99.5/0.5 to 90/10). Trituration in petroleum ether (2 ml), followed by 

additional trituration in diethyl ether (2 ml) and ethyl acetate (2 ml) afforded title compound as a 

beige solid (27 mg, 17 % yield). Rt = 1.37 min (analysis method 1). MS (ESI) m/z: 228.1 [M-H]+, 

calculated: 228.11 [C13H14N3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 7.58 (br s, 1H), 7.25-7.06 (m, 2H), 

6.99-6.78 (m, 2H), 6.39 (br s, 1H), 6.36-6.26 (m, 1H), 4.68 (s, 2H), 3.01 (s, 3H). 13C-NMR (101 MHz, 

DMSO-d6) δ 155.99 (C), 151.27 (C), 142.62 (CH), 119.34 (CH), 112.17 (CH), 110.42 (CH), 108.15 (CH), 

46.40 (CH2), 35.55 (NCH3).  

 

Synthesis of N-(2-thienylmethyl)-1H-benzimidazol-2-amine (5) 

 

5 was afforded by reacting 20 (0.133 g, 0.68 mmol) and 2-thiophenemethylamine 24 (0.37 ml, 3.4 

mmol) for 3 days according to the general procedure A. The crude mixture was purified by silica gel 

flash chromatography (DCM/ethyl acetate from 99/1 to 70/30). Sequential trituration in petroleum 

ether (2 ml) and diethyl ether (2 ml), followed by freeze-drying afforded title compound as a white 

solid (17 mg, 11 % yield). Rt = 1.38 min (analysis method 1). MS (ESI) m/z: 230.0 [M-H]+, calculated: 

230.08 [C12H12N3S]+. 1H-NMR (600 MHz, DMSO-d6) δ 10.81 (s, 1H), 7.38-7.34 (m, 1H), 7.22-7.09 (m, 

3H), 7.07-7.03 (m, 1H), 6.98-6.93 (m, 1H), 6.92-6.84 (m, 2H), 4.67 (d, J = 6.0 Hz, 2H). 13C NMR (151 
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MHz, DMSO-d6) δ 154.89 (C), 143.45 (C), 126.61 (CH), 125.16 (CH), 124.68 (CH), 119.27(CH), 119.29 

(CH), 114.79 (CH), 108.87 (CH), 40.93 (CH2).  

 

Synthesis of N-[(5-methyl-2-furyl)methyl]-1H-benzimidazol-2-amine (6)  

 

6 was obtained according to the general procedure A previously reported using 20 (0.133 g, 0.68 

mmol) and (5-methylfuran-2-yl)methanamine 25 (0.39 ml, 3.4 mmol). The reaction was performed for 

24 h. Purification by silica gel column chromatography (first column: DCM/ ethyl acetate from 100/0 

to 60/40; second column: CHCl3/ CHCl3:MeOH (8:2) from 99.9/0.1 to 85/15) followed by trituration in 

petroleum ether (2 ml) and then diethyl ether (2 ml) afforded title compound as a white solid (60 mg, 

39 % yield). Rt = 1.38 min (analysis method 1). MS (ESI) m/z: 228.1 [M-H]+, calculated: 228.11 

[C13H14N3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 10.74 (br s, 1H), 7.13 (s, 2H,), 7.02-6.75 (m, 3H), 6.20-

6.12 (m, 1H), 6.02-5.92 (m, 1H), 4.43 (d, J = 5.3 Hz, 2H), 2.23 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) 

155.10 (C), 151.33 (C), 150.53 (C), 133.77 (C), 119.95 (CH), 118.37 (CH), 114.78 (CH), 108.75 (CH), 

107.55 (CH), 106.34 (CH), 38.95 (CH2), 13.31 (CH3).  

 

Synthesis of N-(2-pyridylmethyl)-1H-benzimidazol-2-amine (7) 

 

7 was afforded by reacting 20 (0.133 g, 0.68 mmol) and 2-picolylamine 26 (0.35 ml, 3.4 mmol) for 48 

h, following the general procedure A. The crude mixture was purified by silica gel flash 

chromatography (DCM/DCM:MeOH (8:2) from 90/10 to 30/70). Final sequential trituration in 

petroleum ether (2 ml) and diethyl ether (2 ml) afforded title compound as a beige solid (78 mg, 51 % 

yield). Rt = 1.21 min (analysis method 1). MS (ESI) m/z: 225.0 [M-H]+, calculated: 225.11 [C13H13N4]+. 
1H-NMR (600 MHz, DMSO-d6) δ 10.89 (br s, 1H), 8.55-8.49 (m, 1H), 7.74 (td, J = 7.7 and 1.8 Hz, 1H), 

7.38 (d, J = 7.8 Hz, 1H), 7.27-7.22 (m, 1H), 7.18-7.08 (m, 3H), 6.86 (br s, 2H), 4.61 (d, J = 6.0 Hz, 2H). 
13C-NMR (101 MHz, DMSO-d6) 159.32 (C), 155.39 (C), 148.74 (CH), 136.62 (CH), 122.00 (CH), 120.93 

(CH), 120.03 (CH), 117.91 (CH), 114.57 (CH), 108.63 (CH), 47.42 (CH2).  
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Synthesis of N-(2-furylmethyl)-1,3-benzoxazol-2-amine (3) 

 

3 was synthesized following the general procedure B previously described by reacting commercial 2-

chlorobenzoxazole 27 (0.076 ml, 0.65 mmol) and furfurylamine 22 (0.06 ml, 0.65 mmol). Purification 

by silica gel flash chromatography (cyclohexane/ethyl acetate from 95/5 to 40/60) afforded title 

compound as a white solid (53 mg, 38 % yield). Rt = 1.85 min (analysis method 1). MS (ESI) m/z: 215.0 

[M-H]+, calculated: 215.08 [C12H11N2O2]+. 1H-NMR (400 MHz, DMSO-d6) δ 8.50-8.33 (m, 1H), 7.63-7.57 

(m, 1H), 7.38-7.32 (m, 1H), 7.26 (d, J = 7.9 Hz, 1H), 7.15-7.08 (m, 1H), 7.03-6.94 (m, 1H), 6.42-6.38 (m, 

1H), 6.37-6.33 (m, 1H), 4.51 (d, J = 6.3 Hz, 2H). 13C-NMR (101 MHz, DMSO-d6) 162.16 (C), 151.86 (C), 

148.12 (C), 143.01 (C), 142.35 (CH), 123.67 (CH), 120.35 (CH), 115.65 (CH), 110.51 (CH), 108.64 (CH), 

107.30 (CH), 39.62 (CH2).  

 

Synthesis of N-[(5-methyl-2-furyl)methyl]-1,3-benzoxazol-2-amine (8)  

 

8 was synthesized following the general procedure B previously described using commercial 2-

chlorobenzoxazole 27 (0.076 ml, 0.65 mmol) and (5-methylfuran-2-yl)methanamine 25 (0.078 ml, 0.65 

mmol). Purification by silica gel flash chromatography (cyclohexane/ethyl acetate from 100/0 to 

60/40) gave title compound as a beige solid (38 mg, 26 % yield). Rt = 1.99 min (analysis method 1). MS 

(ESI) m/z: 229.0 [M-H]+, calculated: 229.10 [C13H13N2O2]+. 1H-NMR (400 MHz, DMSO-d6) δ 8.36 (br s, 

1H), 7.34 (d, J = 8.0 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 7.11 (m, 1H), 6.98 (m, 1H), 6.23-6.18 (m,1H), 6.02-

5.96 (m, 1H), 4.47-4.39 (m, 2H), 2.23 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 162.13 (C), 150.94 (C), 

149.99 (C), 148.10 (C), 143.04 (C), 123.64 (CH), 120.30 (CH), 115.61 (CH), 108.61 (CH), 108.15 (CH), 

106.42 (CH), 39.18 (CH2), 13.27 (CH3).  
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Synthesis of N-(tetrahydrofuran-2-ylmethyl)-1H-benzimidazol-2-amine (9) 

 

9 was synthesized following the general procedure C previously described by reacting commercial 1,2-

diaminobenzene 28 (0.387 g, 3.5 mmol) and 2-tetrahydrofurfuryl isothiocyanate 37 (0.45 ml, 3.5 

mmol) for 24 h. BOP (2.37 g, 5.25 mmol) and DBU (1.07 ml, 7 mmol) were added and the mixture was 

stirred at rt for additional 1 h. The crude was purified by two subsequent silica gel flash 

chromatography columns (cyclohexane/ethyl acetate from 50/50 to 0/100 and DCM/DCM:NH3 (1 N) 

solution in MeOH (8:2) from 100/0 to 87/13, respectively). The obtained solid was dissolved in ethyl 

acetate (50 ml) and washed with a saturated NaHCO3 solution (50 ml). The organic phase was dried 

over Na2SO4 and concentrated to dryness to afford a solid that, after trituration in ethyl acetate (2 x 2 

ml), gave pure title compound (63 mg, 8 % yield). Rt = 1.17 min (analysis method 1). MS (ESI) m/z: 

218.2 [M-H]+, calculated: 218.13 [C12H16N3O]+. 1H-NMR (400 MHz, methanol-d4) δ 7.25-7.09 (m, 2H), 

7.00-6.89 (m, 2H), 4.19-4.01 (m, 1H), 3.96-3.83 (m, 1H), 3.83-3.69 (m, 1H) ,3.60-3.47 (m, 1H), 3.41-

3.33 (m, 1H), 2.13-1.99 (m, 1H), 1.99-1.83 (m, 2H), 1.65-1.72 (m, 1H). 13C-NMR (101 MHz, methanol-

d4) δ 157.02 (C), 121.32 (CH), 112.77 (CH), 79.35 (CH), 69.12 (CH2), 47.83 (CH2), 29.64 (CH2), 26.71 

(CH2). 

 

Synthesis of N-(2-methoxyethyl)-1H-benzimidazol-2-amine (10) 

 

10 was synthesized following the general procedure C previously described by reacting commercial 

1,2-diaminobenzene 28 (0.12 g, 1.05 mmol) and 2-methoxyethyl isothiocyanate 38 (0.12 ml, 1.05 

mmol) for 24 h. BOP (0.71 g, 1.6 mmol) and DBU (0.32 ml, 2.1 mmol) were added and the mixture was 

stirred at rt for additional 24 h and at 80 °C for extra 3 h. The crude residue was purified by two 

subsequent silica gel flash chromatography columns (cyclohexane/ethyl acetate from 50/50 to 0/100 

and DCM/DCM:NH3 (1 N) solution in MeOH (8:2) from 97/3 to 87/13, respectively). The obtained solid 

was dissolved in ethyl acetate (25 ml), washed with a saturated NaHCO3 solution (25 ml). The aqueous 

phase was extracted with fresh ethyl acetate (3 x 20 ml) and the combined organic layers were dried 

over Na2SO4 and concentrated to dryness to afford pure title compound as a white solid (29 mg, 14 % 
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yield). Rt = 1.08 min (analysis method 1). MS (ESI) m/z: 192.2 [M-H]+, calculated: 192.11 [C10H14N3O]+. 
1H-NMR (400 MHz, DMSO-d6) δ 10.65 (br s, 1H), 7.20-7.00 (m, 2H), 6.94-6.73 (m, 2H), 6.60-6.45 (m, 

1H), 3.56-3.39 (m, 4H), 3.28 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 155.43 (C), 120.36 (CH), 118.30 

(CH), 114.94 (CH), 109.08 (CH), 70.93 (CH2), 57.96 (OCH3), 41.80 (CH2).  

 

Synthesis of N-(2-furylmethyl)-5-methyl-1H-benzimidazol-2-amine (11) 

 

11 was synthesized following the general procedure C previously described by reacting 3,4-

diaminotoluene 29 (0.18 g, 1.47 mmol) and furfuryl isothiocyanate 39 (0.15 ml, 1.47 mmol) for 16 h. 

Additional furfuryl isothiocyanate (0.5 ml, 5.16 mmol) was added to force the reaction to proceed and 

the mixture was stirred for additional 8 h. Then, BOP (1.00 g, 2.21 mmol) and DBU (0.45 ml, 2.94 mmol) 

were added and the mixture was stirred for further 18 h. Purification by silica gel flash chromatography 

(cyclohexane/ethyl acetate from 95/5 to 10/90), followed by trituration in DCM (2 ml) afforded title 

compound as a light pink solid (149 mg, 45 % yield). Rt = 1.47 min (analysis method 1). MS (ESI) m/z: 

228.0 [M-H]+, calculated: 228.11 [C13H14N3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 10.63 (br s, 1H), 7.57 (s, 

1H), 7.01 (d, J = 7.7 Hz, 1H), 6.95 (s, 1H), 6.93-6.85 (m, 1H), 6.69 (d, J = 7.7, 1H), 6.41-6.34 (m, 1H), 

6.31-6.25 (m, 1H), 4.53-4.40 (m, 2H,), 2.30 (s, 3H). 13C NMR (101 MHz, DMSO-d6) 154.99 (C), 153.28 

(C), 141.92 (CH), 119.98 (CH), 111.92 (CH), 111.39 (CH), 110.42 (CH), 106.66 (CH), 39.01 (CH2), 21.26 

(CH3).  

 

Synthesis of 5-chloro-N-(2-furylmethyl)-1H-benzimidazol-2-amine (12) 

 

12 was synthesized following the general procedure C previously described by reacting commercial 4-

chloro-1,2-diaminobenzene 30 (0.2 g, 1.35 mmol) and furfuryl isothiocyanate 39 (0.14 ml, 1.35 mmol) 

for 17 h. Then, additional furfuryl isothiocyanate (0.21 ml, 2.03 mmol) was added and the mixture was 

stirred for further 16 h. After the addition of BOP (0.91 g, 2.03 mmol) and DBU (0.41 ml, 2.7 mmol), 

the mixture was stirred for additional 1 h. Purification by silica gel flash chromatography 
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(cyclohexane/ethyl acetate from 80/20 to 40/60), followed by trituration in DCM (2 x 2 ml) afforded 

title compound as a yellow solid (93 mg, 28 % yield). Rt = 1.64 min (analysis method 1). MS (ESI) m/z: 

248.0/250.0 [M-H]+, calculated: 248.06/250.06 [C12H11ClN3O]+. 1H-NMR (400 MHz, DMSO-d6) δ 10.91 

(br s, 1H,), 7.58 (s, 1H), 7.29-7.18 (m, 1H), 7.18-7.06 (m, 2H), 6.95-6.79 (m, 1H), 6.42-6.35 (m, 1H), 

6.32-6.27 (m, 1H), 4.49 (d, J = 5.8 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 156.07 (C), 152.93 (C), 

142.04 (CH), 118.49 (CH), 114.81 (CH), 110.55 (CH), 110.45 (CH), 106.81 (CH), 39.62 (CH2).  

 

Synthesis of Methyl 2-(2-furylmethylamino)-1H-benzimidazole-5-carboxylate (13) 

 

13 was synthesized following the general procedure C previously described by reacting commercial 

methyl-3,4-diaminobenzoate 31 (0.21 g, 1.23 mmol) and furfuryl isothiocyanate 39 (0.13 ml, 1.23 

mmol) for 2 h. Additional furfuryl isothiocyanate (0.065 ml, 0.62 mmol) was added and the mixture 

was stirred for 16 h; then, extra furfuryl isothiocyanate (0.065 ml, 0.62 mmol) was added. The mixture 

was stirred for further 24 h; then, BOP (0.83 g, 1.85 mmol) and DBU (0.38 ml, 2.46 mmol) were added 

and the reaction was continued for 1 h. Purification by silica gel flash chromatography 

(cyclohexane/ethyl acetate from 90/10 to 10/90), followed by trituration in ethyl acetate (2 x 2 ml) 

afforded title compound as a pink solid (36 mg, 11 % yield). Rt = 1.48 min (analysis method 1). MS (ESI) 

m/z: 272.0 [M-H]+, calculated: 272.10 [C14H14N3O3]+. 1H-NMR (400 MHz, methanol-d4) δ 7.89-7.84 (m, 

1H), 7.73 (dd, J = 8.3 and 1.6 Hz, 1H), 7.44-7.41 (m, 1H), 7.23 (d, J=8.3 Hz, 1H), 6.37-6.29 (m, 2H), 4.56 

(s, 2H), 3.87 (s, 3H). 13C NMR (101 MHz, methanol-d4) δ 169.65 (C), 158.27 (C), 153.48 (C), 143.41 (CH), 

123.93 (CH) 122.92 (C), 113.88 (CH), 112.76 (CH), 111.35 (CH), 108.08 (CH), 52.32 (OCH3), 40.56 (CH2). 

 

Synthesis of N-(2-furylmethyl)-5-(trifluoromethyl)-1H-benzimidazol-2-amine (14) 

 

14 was synthesized following the general procedure C previously described by reacting commercial 

3,4-diaminobenzotrifluoride 32 (0.22 g, 1.19 mmol) and furfuryl isothiocyanate 39 (0.13 ml, 1.19 

mmol) for 18 h, then extra furfuryl isothiocyanate (0.065 ml, 0.6 mmol) was added and the reaction 
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was continued for further 30 h. Then, BOP (0.81 g, 1.79 mmol) and DBU (0.36 ml, 2.38 mmol) were 

added to the mixture and the reaction was continued for additional 1 h. Purification by silica gel flash 

chromatography (cyclohexane/ethyl acetate from 100/0 to 30/70), followed by trituration in DCM (2 

ml) afforded title compound as a white solid (42 mg, 13 % yield). Rt = 1.90 min (analysis method 1). 

MS (ESI) m/z: 282.1 [M-H]+, calculated: 282.09 [C13H11F3N3O]+. 1H-NMR (400 MHz, methanol-d4) δ 7.50-

7.40 (m, 2H), 7.34-7.22 (m, 2H), 6.39-6.30 (m, 2H), 4.57 (s, 2H). 13C NMR (101 MHz, methanol-d4) δ 158 

.18 (C) 153.49 (C), 143.40 (CH), 118.44 (CH), 111.35 (CH), 110.55 (CH), 108.08 (CH), 40.56 (CH2). 

 

Synthesis of [2-(2-furylmethylamino)-1H-benzimidazol-5-yl]-phenyl-methanone (15) 

 

15 was synthesized following the general procedure C previously described by reacting commercial 

(3,4-diaminophenyl)-(phenyl)-methanone 33 (0.23 g, 1.05 mmol) and furfuryl isothiocyanate 39 (0.11 

ml, 1.05 mmol) for 21 h. Then, extra furfuryl isothiocyanate (0.055 ml, 0.53 mmol) was added twice 

over a period of 5 h and the mixture was allowed to stir for extra 4 days. BOP (0.71 g, 1.58 mmol) and 

DBU (0.32 ml, 2.1 mmol) were added and the reaction was continued for additional 1 h. Purification 

by silica gel flash chromatography (cyclohexane/ethyl acetate from 95/5 to 0/100), followed by 

trituration with diethyl ether (2 ml), afforded title compound as a yellow solid (83 mg, 25 % yield). Rt 

= 1.78 min (analysis method 1). MS (ESI) m/z: 318.1.0 [M-H]+, calculated: 318.12 [C19H16N3O]+. 1H-NMR 

(400 MHz, methanol-d4) δ 7.78-7.65 (m, 3H), 7.63-7.57 (m, 1H), 7.56-7.47 (m, 3H), 7.47-7.42 (m, 1H), 

7.29 (d, J = 8.3 Hz, 1H), 6.38-6.28 (m, 2H), 4.58 (s, 2H). 13C NMR (101 MHz, methanol-d4) δ 198.96 (C), 

158.51 (C), 153.39 (C), 143.45 (CH), 140.21 (C), 132.95 (CH), 130.73 (CH), 129.26 (CH), 125.66 (CH), 

114.73 (CH), 112.82 (CH), 111.37 (CH), 108.14 (CH), 40.55 (CH2). 

 

Synthesis of (2-furylmethylamino)-1H-benzimidazole-5-carbonitrile (16) 

 

16 was synthesized following the general procedure C previously described by reacting 3,4-

diaminobenzonitrile 34 (0.19 g, 1.4 mmol) and furfuryl isothiocyanate 39 (0.15 ml, 1.4 mmol) for 24 h. 
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Extra furfuryl isothiocyanate (0.075 ml, 0.7 mmol) was added three times over a period of 2 days while 

stirring. Afterwards, BOP (0.95 g, 2.1 mmol) and DBU (0.43 ml, 2.8 mmol) were added and the reaction 

was continued for additional 1 h. Purification by silica gel flash chromatography (cyclohexane/ethyl 

acetate from 95/5 to 0/100), followed by trituration in diethyl ether (2 ml) and DCM (3 x 2 ml) afforded 

title compound as a beige solid (59 mg, 18 % yield). Rt = 1.51 min (analysis method 1). MS (ESI) m/z: 

239.0 [M-H]+, calculated: 239.09 [C13H11N4O]+. 1H-NMR (400 MHz, methanol-d4) δ 7.61-7.40 (m, 2H), 

7.40-7.23 (m, 2H), 6.42-6.20 (m, 2H), 4.57 (s, 2H). 13C NMR (101 MHz, methanol-d4) δ 158.58 (C), 

153.29 (C), 143.45 (CH), 126.01 (CH), 121.50 (C), 116.10 (CH), 113.71 (CH), 111.36 (CH), 108.15 (CH), 

40.50 (CH2).  

 

Synthesis of N-(2-furylmethyl)-5-methoxy-1H-benzimidazol-2-amine (17) 

 

17 was synthesized following the general procedure C previously described by reacting commercial 

3,4-diaminoanisole 35 (0.19 g, 1.37 mmol) and furfuryl isothiocyanate 39 (0.14 ml, 1.37 mmol) for 3 

h. Extra furfuryl isothiocyanate (0.07 ml, 0.69 mmol) was added five times while stirring over a period 

of 21 h. Then, BOP (0.93 g, 2.06 mmol) and DBU (0.42 ml, 2.74 mmol) were added and the mixture 

was stirred for additional 1 h. Purification by silica gel flash chromatography (cyclohexane/ethyl 

acetate from 60/40 to 0/100), followed by trituration in DCM (2 ml) afforded title compound as a beige 

solid (46 mg, 14 % yield). Rt = 1.37 min (analysis method 1). MS (ESI) m/z: 244.1 [M-H]+, calculated: 

244.11 [C13H14N3O2]+. 1H-NMR (400 MHz, methanol-d4) δ 7.44-7.40 (m, 1H), 7.07 (d, J = 8.5 Hz, 1H), 

6.82 (d, J = 2.4 Hz, 1H), 6.61 (dd, J = 8.5, 2.4 Hz, 1H), 6.36-6.28 (m, 2H), 4.52 (s, 2H), 3.77 (s, 3H). 13C-

NMR (101 MHz, methanol-d4) δ 156.64 (C), 156.50 (C), 153.82 (C), 143.27 (CH), 112.68 (CH), 111.31 

(CH), 108.70 (CH), 107.91 (CH), 98.74 (CH), 56.34 (OCH3), 40.71 (CH2). 
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Synthesis of N-(2-furylmethyl)-5-phenoxy-1H-benzimidazol-2-amine (18) 

 

18 was synthesized following the general procedure C previously described by reacting commercial 4-

phenoxybenzene-1,2-diamine 36 (0.23 g, 1.09 mmol) and furfuryl isothiocyanate 39 (0.11 ml, 1.09 

mmol) for 2 h. Extra furfuryl isothiocyanate (0.06 ml, 0.55 mmol) was added seven times during the 

following 46 h while stirring. After that, BOP (0.74 g, 1.64 mmol) and DBU (0.33 ml, 2.18 mmol) were 

added and the mixture was stirred for additional 1 h. Purification by silica gel flash chromatography 

(cyclohexane/ethyl acetate from 95/5 to 0/100), followed by trituration with DCM (2 x 2 ml), afforded 

title compound as a white solid (158 mg, 47 % yield). Rt = 1.97 min (analysis method 1). MS (ESI) m/z: 

306.1 [M-H]+, calculated: 306.12 [C18H16N3O2]+. 1H-NMR (400 MHz, DMSO-d6) δ 10.80 (br s, 1H), 7.61-

7.55 (m, 1H), 7.35-7.26 (m, 2H), 7.15-7.07 (m, 2H), 7.05-6.98 (m, 1H), 6.92-6.87 (m, 2H), 6.83 (d, J = 

2.3 Hz, 1H), 6.60 (dd, J = 8.3 and 2.3 Hz, 1H), 6.41-6.35 (m, 1H), 6.33-6.27 (m, 1H), 4.49 (d, J = 5.6 Hz, 

2H). 13C-NMR (DMSO-d6) δ 158.94 (C), 155.89 (C), 153.11 (C), 149.33(C), 141.98 (CH), 129.67 (CH), 

121.93 (CH), 116.90 (CH), 111.31 (CH), 111.35 (CH), 110.44 (CH), 106.74 (CH), 104.17 (CH), 39.08 (CH2). 

 

Abbreviation list 

ACN, acetonitrile; AcOH, acetic acid; BOP, (benzotriazol-1-yloxy)tris(dimethylamino)phosphornium 

hexafluorophosphate; br, broad signal; d, doublet; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; dd, 

doublet of doublets; DIPEA, diisopropylethylamine; DMF, N,Ndimethylformamide; DMSO, dimethyl 

sulfoxide; DMSO-d6, deuterated dimethyl sulfoxide; ESI, electrospray ionization; Et3N, triethylamine; 

LC, liquid chromatography; LG, leaving group; m, multiplet; mCPBA, meta-chloroperbenzoic acid; 

MeOH, methanol; methanol-d4, deuterated methanol; MS, mass spectrometry; NMR, nuclear 

magnetic resonance; PDA, photodiode array detector; q, quartet; QC, quality check; rt, room 

temperature; s, singlet; SNAr, nucleophilic aromatic substitution reactions; t, triplet; td, triplet of 

doublets; tR, retention time; UPLC, ultra-performance liquid chromatography. 
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II. Protein preparation, crystallography and structure refinement 

Protein purification and T2R-TTL complex formation was performed as previously described (Prota et 

al., 2013a; Prota et al., 2013b). To produce T2R-TTL complex crystals, 2 μL drops at a 1:1 

protein:reservoir ratio were set up in hanging drop vapor-diffusion VDX plates (Hampton Research) 

with siliconized cover slips at 20°C in a precipitant solution consisting of 2% PEG 4K, 4% glycerol, 30 

mM MgCl2, 30 mM CaCl2, 100 mM MES/imidazole, pH 6.5, 5 mM L-tyrosine.  

Compounds were soaked in suitable drops containing crystals at a final concentration of 5 mM for 6 

hours. The crystals where then transferred in two steps to precipitant solution containing 10% PEG 

4K, 16% glycerol and 10% PEG 4K, 20% glycerol for cryo protection and were subsequently cryo cooled 

in liquid nitrogen. Native data sets were collected at 100 K at beamline PXIII at the Swiss Light Source 

(Paul Scherrer Institut, Switzerland). Data were processed using XDS. (Kabsch, 2010) 

Structures were determined by the difference Fourier method using the phases of the T2R-TTL complex 

(PDB ID 5LXT) in the absence of ligands and solvent molecules as a starting point for refinement. The 

models were first fitted by several cycles of rigid body refinement followed by restrained refinement 

in Phenix. (Adams et al., 2010) Ligands were built with Coot’s Lidia and the resulting models were 

further improved using Coot. (Emsley and Cowtan, 2004) MolProbity was used to assess the quality of 

the structures. (Davis et al., 2004) Chains in the T2R-TTL complex were defined as follows: chain A, α1-

tubulin; chain B, β1-tubulin; chain C, α2-tubulin; chain D, β2-tubulin; chain E, RB3; chain F, TTL. 

Structure visualization, molecular editing and figure preparation were performed with the PyMOL 

molecular graphics system (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC).  

 

III. Cell-cytotoxicity assay 

HeLa cells were grown in DMEM high glucose medium (BioConcept) with 10% (v/v) fetal bovine serum 

(Gibco; Thermo Fisher Scientific) and maintained at 37° C in a humidified atmosphere with 5% CO2. To 

screen compounds or determine the IC50 values of the compounds 5000 HeLa cells per well were 

seeded in Corning Costar 3603 plates and grown for 48 h. Subsequently, the medium was exchanged 

and either 100 μM compound for screening or a twelve point dilution series of compound was added 

in triplicate (final DMSO concentration of 1%). After 72 h incubation with the compounds Resazurin 

(Sigma) was added to a final concentration of 20 μM and incubated for 2 h. The fluorescence of 

reduced Resazurin was measured on a PHERAstar FSX instrument (BMG Labtech) with a mCherry filter 

module (ex 575/ em 620). The data were normalized and fitted with the log(inhibitor) vs. normalized 

response function in GraphPad Prism 8.3.1 (GraphPad Software, San Diego, California USA). 
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IV. Cell immunostaining 

HMF3a cells were grown in DMEM high glucose medium (BioConcept) supplemented with 10% (v/v) 

FBS (Gibco; Thermo Fisher Scientific) and 1% (v/v) penicillin−streptomycin (Gibco; Thermo Fisher 

Scientific) and maintained at 37 °C in a humidified atmosphere with 5% CO2. For drug treatment 

experiments 25000 HMF3a cells were seeded on each fibronectin-coated µ-Dish 35 mm (ibidi) and 

grown overnight before the drug treatment. Cells were treated with either 5 μM 18, 0.2 μM 

nocodazole or DMSO (final concentration 0.5%) as control. After 1 hour or 4 hours of incubation cells 

were fixed in 4% Paraformaldehyde (Sigma) in PBS buffer (pH 7.4) for 20 minutes, followed by washing 

with PBS (5 minutes × 3). Cells were permeabilized using 0.5% Triton (Sigma-Aldrich) in PBS for 15 

minutes. The fixed cells were blocked in blocking buffer (2% (m/v) bovine serum albumin and 0.2% 

(v/v) Triton in PBS) for 2 hours. Cells were incubated with mouse monoclonal anti-α-Tubulin antibody 

(Sigma) (1:1000) in blocking buffer at 4° C overnight. Cells were washed with PBS (15 minutes × 3) and 

subsequently stained with Alexa Fluor plus 555 goat anti-Mouse IgG secondary antibody (Thermo 

Fisher Scientific) at room temperature for 2 hours. Immediately before imaging the nuclei were 

stained with NucBlue Live Ready probes (Molecular Probes; Thermo Fisher Scientific) in PBS for 10 

minutes at room temperature. Confocal images were acquired using Nikon A1R using 100× with 1.4 

NA oil objective. Confocal images (512 × 512 pixels with pinhole size 1 airy unit) were captured in z 

depth with a step size of 0.5 µm. Figures were generated with ImageJ. 

 

V. Docking studies 

System preparation. The model of the colchicine binding site for the docking studies was prepared 

starting from the high-resolution X-ray crystal structure of the protein complex consisting of two αβ-

tubulin dimers, the stathmin-like domain of RB3, tubulin tyrosine ligase (TTL), and fragment 1 (PDB ID 

5S50). By using the Protein Preparation Wizard tool (Sastry et al., 2013) implemented in the 

Schrödinger 2019-2 Suite, one of the dimer (chain C, D), stathmin (chain E), TTL (chain F), and all water 

molecules were removed resulting in a single αβ-tubulin heterodimer with fragment 1 bound to the 

colchicine site. An exhaustive sampling of the orientations of groups, whose hydrogen bonding 

network needs to be optimized, was performed. Finally, the protein structure was refined to relieve 

steric clashes with a restrained minimization with the OPLS3 force field. 
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Derivatives preparation. Fragment 1 derivatives were manually designed and then converted to 3D 

structure with the LigPrep tool of the Schrödinger Suite. Molecules’ ionization and tautomeric states 

were calculated using Epik (Greenwood et al., 2010) at a target pH of 7.0 ± 2.0. 

Docking studies. All derivatives were docked by means of the Glide software (Friesner et al., 2004) of 

the Schrödinger Suite using the Standard Precision scoring function and the OPLS3e force field. The 

grid box was centered on the fragment 1 position. Docking simulations were performed using an 

enhanced sampling for the ligand conformer generation and an expanded sampling for the initial pose 

selection. Ligand binding modes were then investigated by visual inspection and their respective 

docking score did not take into account Epik state ionization and tautomeric penalties to avoid any 

bias.  
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Supplementary figures and tables 

 

Figure S1. Electron-density of nocodazole and compound 18.  

(A) Electron-density map of nocodazole. The SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-
DFc (light green mesh) omit maps are contoured at +1.0 σ and +3.0 σ, respectively. (B) Same as (A) for 
compound 18. 

 

 

 

Figure S2. Electron-density of compound compounds 2, 4, 6, and 7.  

Electron-density map of colchicine binding site after soaking with compound 2, 4, 6, and 7. The 
SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc (light green mesh) omit maps are 
contoured at +1.0 σ and +3.0 σ, respectively. Residues comprising the colchicine binding site are 
labeled black. 
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Figure S3. IC50 dose-response curves of cellular cytotoxicity assays.  

All curves were measured in triplicates.   
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Table S1. Data collection and refinement statistics. 
 T2R-TTL-18 T2R-TTL-nocodazole 
Data collection   
Wavelength 1.0000 0.9798 
Space group P 21 21 21 P 21 21 21 
Unit cell dimensions 
   a, b, c (Å) 

 
105.0 157.7 180.2 

 
104.7 158.1 179.6 

Resolution range (Å) 49.82 - 2.171 (2.249 - 2.171) 49.37 – 2.0 (2.072 – 2.0) 
Total reflections 2157919 (218337) 2702687 (253332) 
Unique reflections 157766 (15493) 200305 (19421) 
Multiplicity 13.7 (14.1) 13.5 (13.0) 
Completeness (%) 99.90 (99.20) 99.77 (97.85) 
Mean I/sigma(I) 16.69 (1.32) 14.63 (1.02) 
Wilson B-factor 47.08 35.76 
Rmerge 0.1159 (2.113) 0.1231 (2.359) 
Rmeas 0.1204 (2.192) 0.128 (2.453) 
Rpim 0.03234 (0.5793) 0.03467 (0.6681) 
CC1/2 0.999 (0.492) 0.999 (0.393) 
CC* 1 (0.812) 1 (0.751) 

   

Refinement   
Reflections used in refinement 157750 (15492) 200301 (19421) 
Reflections used for R-free 7889 (774) 10017 (971) 
R-work 0.1889 (0.3108) 0.1785 (0.3181) 
R-free 0.2234 (0.3261) 0.2086 (0.3481) 
CC(work) 0.959 (0.706) 0.964 (0.624) 
CC(free) 0.964 (0.663) 0.952 (0.639) 
Number of non-hydrogen atoms 18229 18432 
  macromolecules 17477 17489 
  ligands 139 188 
  solvent 613 777 
Protein residues 2193 2190 
RMS(bonds) 0.003 0.003 
RMS(angles) 0.57 0.62 
Ramachandran statistics   
  Favored regions (%) 98.29 98.06 

  Allowed (%) 1.66 1.94 

  Outliers (%) 0.05 0.00 

Rotamer outliers (%) 0.53 0.57 

Clashscore 3.11 6.40 

Average B-factor 63.39 50.38 

  macromolecules 63.72 50.62 

  ligands 55.38 43.14 

  solvent 56.75 47.43 

Number of TLS groups 24 26 

Statistics for the highest-resolution shell are shown in parentheses.  
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Table S2. Docking scores of fragment 1 and 5-substituted derivatives. 

 

Compound 
Docking score 

Tautomer 1/2 
Compound 

Docking score 

Tautomer 1/2 

1 -7.248 15 -7.396/-8.903 

11 -6.995/-6.376 16 -6.824/-7.398 

12 -7.580/-6.995 17 -7.306/-7.842 

13 -6.895/-7.696 18 -7.486/-7.991 

14 -7.445/-8.065   
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4. Todalam: A rationally designed 
microtubule-disrupting compound with a 

novel molecular mechanism of action 
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4. Todalam: A rationally designed microtubule-disrupting 

compound with a novel molecular mechanism of action 

4.1 Declaration of contribution 

The Todalam project is the second fragment project, in which we tackled a novel binding site after the 

pilot project was successful. It was a collaboration between the groups of Prof. Dr. Andrea Cavalli and 

Prof. Dr. Michel Steinmetz, who also designed and organized the overall project. The decision for the 

site to tackle stems from Dr. Andrea Prota and me, while Dr. Lampros Milanos and Dr. Jose Ortega 

decided on the fragments from a chemical point of view. Dr. Lampros Milanos synthesized all the novel 

compounds, while I provided all cell data, biochemical assays and, with support from Dr. Andrea Prota, 

all crystal structures. Dr. Thorsten Blum prepared grids and took the electron microscopy micrographs. 

Dr. Lampros Milanos and I discussed and planned each round of compounds based on both our 

experience and results. I wrote the first draft of the manuscript and prepared all crystallography and 

cell based figures. Together with Prof. Dr. Michel Steinmetz and Dr. Jose Ortega we finalized the 

manuscript to its current form. Todalam is an acronym of the first names or nicknames of all people 

involved in the project. 

The following section contains the draft of the manuscript that was submitted to Angewandte Chemie 

International Edition. The paper was published in 2022 after minor revisions under the title “Rational 

design of a novel tubulin inhibitor with a unique mechanism of action” in the Angewandte Chemie 

International Edition. The publication was categorized as “Hot Paper” upon acceptance. 

 

Bibliographic information: 

Mühlethaler T., Lampros M., Ortega J.A., Blum T.B., Gioia D., Roy B., Prota A.E., Cavalli A., Steinmetz 

M.O. (2022). “Rational design of a novel tubulin inhibitor with a unique mechanism of action.” Angew 

Chem Int Ed Engl 61(25):e202204052. 
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4.2 Accepted version of the manuscript 

Rational design of a novel tubulin inhibitor with a unique mechanism of action 

 

Tobias Mühlethaler1,†, Lampros Milanos2,†, Jose Antonio Ortega2, Thorsten B. Blum1, Dario Gioia2, 
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Abstract 

In this study, we capitalized on our previously performed crystallographic fragment screen and 

developed the antitubulin small molecule Todalam with only two rounds of straightforward chemical 

synthesis. Todalam binds to a novel tubulin site, disrupts microtubule networks in cells, arrests cells 

in G2/M, induces cell death, and synergizes with vinblastine. The compound destabilizes microtubules 

by acting as a molecular plug that sterically inhibits the curved-to-straight conformational switch in 

the α-tubulin subunit, and by sequestering tubulin dimers into assembly incompetent oligomers. Our 

results describe for the first time the generation of a fully rationally designed small molecule tubulin 

inhibitor from a fragment, which displays a unique molecular mechanism of action. They thus 

demonstrate the usefulness of tubulin-binding fragments as valuable starting points for innovative 

antitubulin drug and chemical probe discovery campaigns.    
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Introduction 

Microtubules are cytoskeletal filaments that are assembled from and disassembled into their αβ-

tubulin heterodimeric building blocks. Because microtubules are implicated in several important 

cellular activities, including cell division, cell motility, and intracellular trafficking, drugs that interfere 

with microtubule functions have been developed very successfully as chemotherapeutics to fight 

against different malignant tumors (reviewed in (Kavallaris, 2010; Miltenburg and Boogerd, 2014; 

Yang and Horwitz, 2017)). A significant breakthrough was achieved when paclitaxel (Taxol®) became 

the first-line blockbuster drug for the treatment of ovarian, breast, bladder, prostate, and lung 

cancers. Since then, several additional antitubulin drugs were introduced in the clinic, including 

epothilone (Ixempra®) and eribulin (Halaven®). However, despite massive medical successes, their 

wider application is hampered by toxicity and the development of resistance (Guastalla and Diéras, 

2003; Xiao et al., 2012; Sobue et al., 2016). Furthermore, since antitubulin drugs are typically derived 

from natural products, their chemical structures are complex and thus difficult and expensive to 

produce synthetically in high quantities.  

Several dozen different chemical classes of antitubulin agents are known today. They can be broadly 

divided into microtubule-stabilizing and microtubule-destabilizing agents. By interfering with 

microtubule dynamics during cell division, they arrest cells in mitosis and often promote senescence 

or apoptotic cell death, which is the primary strategy of chemotherapies. However, antitubulin agents 

also perturb the proper intracellular transport of critical molecules and organelles in interphase, which 

is of particular importance for neuron maintenance and survival (Nakata and Yorifuji, 1999; Theiss and 

Meller, 2000; LaPointe et al., 2013) (reviewed in (Baas and Ahmad, 2013)). Furthermore, microtubules 

are considered promising targets for the development of new drugs against parasites and fungi 

(Soleilhac et al., 2018; Gaillard et al., 2021) (reviewed in (Fennell et al., 2008; Chatterji et al., 2011)). 

Antitubulin agents thus hold the promise that besides being useful as chemotherapeutics, they could 

also be exploited to treat injuries and diseases of the nervous system or to combat infectious diseases; 

in fact, several of them are currently undergoing clinical trials. 

Recent major advances in the high-resolution structural analysis of tubulin and microtubules by X-ray 

crystallography and cryo-electron microscopy, respectively, made it possible to decipher the 

molecular mechanism of action of dozens of different antitubulin agents (reviewed in (Steinmetz and 

Prota, 2018)). In this context, seven different binding sites in the αβ-tubulin heterodimer were 

discovered. They are referred to as the taxane site, the colchicine site, the vinca site, the maytansine 

site, the laulimalide/peloruside site, the pironetin site, and the gatorbulin site (Steinmetz and Prota, 

2018; Matthew et al., 2021). Most recently, using a very well-established tubulin crystallization 

system, (Prota et al., 2013a; Prota et al., 2013b) we used a combined computational and 



173 
 

crystallographic fragment screening method that allowed us to identify 27 distinct binding sites in 

tubulin (Mühlethaler et al., 2021). We further identified 56 chemically diverse fragments that target 

10 distinct tubulin sites (Mühlethaler et al., 2021).  

Here, we sought to test whether our identified fragments can be used as favorable starting points for 

the rapid generation of synthetic antitubulin, lead-like small molecules. To this end, we selected three 

distinct fragments that bind to a novel site on tubulin. Using a combined structural biology, 

computational, chemistry, biochemistry, and cell biology approach, we then developed the small 

molecule Todalam. Our results demonstrate that Todalam acts as a microtubule-destabilizing agent 

both in vitro and in cells by using a unique molecular mechanism of action.  

 

Results and Discussion 

Fragment selection 

As a first step for our rational antitubulin-ligand design effort, we analyzed all binding sites and 

fragments revealed by our previously performed crystallographic fragment screen (Mühlethaler et al., 

2021). Among them, fragment site sID βαII, which is located between two longitudinally aligned 

αβ-tubulin heterodimers (Figure 1A), captured our attention as it has not been described before. It is 

formed by residues of helices βH3’, βH11’, and αH8, strand αS4, and loops βT3, βT5, αH3-S4, and αH4-

αS5 (Figure 1B; see ref. (Lowe et al., 2001) for designation of secondary structure elements and residue 

numbering). 16 fragments targeted site sID βαII of which five contain an acetanilide group as a 

common binding motif (fragments F04, F11, F31, F32, and F35; Figure S1). We selected fragment F04 

(Figure 1C) to proceed with our ligand optimization strategy for the following reasons: (i) F04 displays 

the most molecular interactions within the binding site compared to the other fragments; (ii) we 

anticipated that several F04 derivatives could be produced in high quantities using mainly a well-

established, one-step Hantzsch aminothiazole synthesis; (iii) F04 exhibits the highest molecular weight 

among all fragments and thus had the potential to be developed into a lead-like molecule after small 

modifications.  
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Figure 1. Fragment selection.  

(A) Binding of fragments F04, F36 and F41 at the β1Tub-α2Tub interdimer interface of the T2R-TTL 
complex. For simplicity, the RB3 and TTL chains are not shown. The Fragments are shown in sphere 
representation (F04 in green, F36 in red and F41 in blue). The two α- and two β-tubulin monomers in 
the complex are shown in grey and white ribbon representation, respectively. (B) Chemical structures 
of fragments F04, F36 and F41. (C) Superimposition of the tubulin-fragment F04, -fragment F36 and -
fragment F41 binding sites (PDB ID 5S4O, 5S5K, and 5S5P, respectively). Secondary structure elements 
of tubulin are labeled in blue. Carbon atoms are colored in green for fragment F04, orange for 
fragment F36, and light blue for fragment F41. Nitrogen atoms are colored in blue, oxygen atoms in 
red, sulfur atoms in yellow, and fluorine atoms in light green. (D) Schematic representation of 
fragment F04 bound to site sID βαII. Residues forming the binding site are shown green for 
hydrophobic, light blue for polar and dark blue for charged. Residues αL242 and αL252 are not shown 
because they are located below the ligand. Hydrogen-bonds are indicated with dashed and π-stacking 
interactions with solid black lines. Red dots represent structural water molecules. 
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The tubulin-F04 crystal structure (PDB ID 5S4O) revealed that its acetanilide and thiazoleamine groups 

form three hydrogen bonds with the side chains of βN102, αT257, and βK105 (water mediated), and 

one hydrogen bond with the side chain of αQ133, respectively (Figure 1D; Figure S2A). In addition, the 

core phenyl moiety of the fragment establishes a π-stacking interaction with the side chain of βW407. 

This network of interactions causes the thiazoleamine group of the fragment to point towards a 

prominent, deep hydrophobic cavity in the α-tubulin monomer. It is shaped by residues αC4, αF135, 

αL136, αL167, αL242, and αL252, and is occupied by three structural water molecules that establish 

hydrogen bonds amongst themselves and with the main and side chains of residues αF135 and αS165, 

respectively (Figure 1D; Figure S2A). Interestingly, the phenyl moieties of fragments F36 and F41 

bound to this hydrophobic pocket and by doing so displaced the three structural water molecules 

(Figure S2BC; PDB IDs 5S5K and 5S5P). This observation suggests that adding a phenyl substituent to 

the amino group linked to the thiazole heterocycle of F04 should be beneficial for gaining activity.  

Notably, F04 also binds to a second site on β-tubulin, site sID βIII, formed by residues of helix βH1’, 

the N-terminus of β-tubulin, and loop βT7 (Figure S3ABC). Compared to site sID βαII, the acetanilide 

group of F04 is solvent exposed and not well anchored in site sID βIII, whereas the thiazoleamine 

moiety interacts with main chain atoms of residues of the βT7-loop. The amine group of the 

thiazoleamine forms a hydrogen bond with the main chain of βA250 and fills the space available 

between the βN-terminus and the βT7-loop (Figure S3B). We thus anticipated that even small 

modifications at this position should inhibit the binding of F04 to site sID βIII.  

 

Synthesis of F04 derivatives 

To confirm the structural observations and depict robust SARs, three different synthetic strategies 

were conceived to obtain F04 derivatives: Hantzsch synthesis, reductive amination and acylation 

(Scheme 1). Most of the derivatives were obtained through Hantzsch reaction to form the thiazole 

core heterocycle. 4-acetamidophenacyl bromide reacted with corresponding thioureas in ethanol at 

reflux temperature for 1 hour to yield compounds 3-5, 8-10 and 14-22. (Scheme 1) with moderate to 

good yields. Alkyl derivatives 1 and 2 we obtained under reductive amination conditions of N-(4-(2-

aminothiazol-4-yl)phenyl)acetamide with isobutyraldehyde and trimethylacetaldehyde, respectively. 

Amide derivatives 11-13 were prepared in three steps. Firstly, the thiazole containing intermediate 23 

was obtained through Hantzsch reaction conditions between 2-bromo-1-(4-nitrophenyl)ethanone and 

N-(3-fluorophenyl)thiourea with a good yield. Subsequently, the nitro group present in 23 was 

reduced in presence of HCl and iron with moderate yields to get the amino intermediate 24, which 
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finally was converted into amides 11-13 by reacting with corresponding acyl chlorides in presence of 

the non-nucleophilic base DIPEA with moderate to good yields.  

 

Scheme 1. Reaction conditions for Hantzsch synthesis (3-5, 8-10 and 14-22), reductive amination (1,2) 
and amide derivatives (11-13).  Reagents and conditions: (i) 4-acetamidophenacyl bromide (1 eq), 
thiourea (1.1 eq), EtOH, 1 h, reflux, yield 27-96 %; (ii) N-(4-(2-aminothiazol-4-yl)phenyl)acetamide (1 
eq), aldehyde (2 eq), AcOH (5 eq), NaBH(OAc)3 (2.8 eq), DCE, 48 h, rt, yield 24-56 % (iii) 2-bromo-1-(4-
nitrophenyl)ethanone (1 eq) and N-(3-fluorophenyl)thiourea (1.1 eq), EtOH, 1 h, reflux, yield 72 %; (iv) 
Fe (15 eq), 24.5 % HCl (2 eq), iPrOH, 1 h, 60 °C, yield 36 %; (v) acyl chloride (1.1 eq), DIPEA (2 eq), DCM, 
30 min, 0 °C, 1-2 h, rt, yield 52-71%. 

 

Compounds 6 and 7 were obtained from the common starting material N-(4-(2-aminothiazol-4-

yl)phenyl)acetamide in one step with different synthetic approaches (Scheme 2). Compound 6 was 

synthesized by acylation with benzoylchloride in presence of the non-nucleophilic base triethylamine 

with moderate yields, while sulphonamide derivative 7 was obtained by reaction with 

methanesulfonyl chloride in presence of pyridine as a base with good yields (Scheme 2). 
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Scheme 2. Reaction conditions for synthesis of compounds 6 and 7. Reagents and conditions: (i) N-(4-
(2-aminothiazol-4-yl)phenyl)acetamide (1 eq), benzoylchloride (2 eq), triethylamine (eq), anhydrous 
DCM, 0 °C to rt, N2, 16 hours, yield 25 %; (ii) N-(4-(2-aminothiazol-4-yl)phenyl)acetamide (1 eq), 2-
methanesulfonyl chloride (1 eq), anhydrous DCM, pyridine, 0 °C to rt, N2, 6 hours, yield 70 %. 

 

Fragment linking 

Using a standard cellular cytotoxicity assay, we found that none of the three selected fragments, F04, 

F36, and F41, are cytotoxic under the experimental conditions used (i.e., up to a fragment 

concentration of 200 μM; Figure S4). To test whether linking a bulky group to the thiazoleamine 

moiety of F04 produces an active compound, we synthesized a first set of derivatives (Table 1). The 

rationale was to determine which bulky group and which linker length is suited to exploit the deep 

hydrophobic cavity of α-tubulin as suggested by fragments F36 and F41 (Figure 1BD). To this end, we 

attached either an aromatic phenyl (4), an aliphatic cyclohexyl (3), an aliphatic isobutyl (1), an aliphatic 

neopentyl (2), or a polar methanesulfonyl (7) to the thiazoleamine moiety of F04. To test the 

importance of the length of the linker between the amine and the introduced phenyl group, we 

elongated the linker by one carbon atom (5) or replaced the amine linker with an amide (6) in the 

phenyl derivative 4.  

The activities of the derivatives were assessed using cytotoxicity assays. As summarized in Table 1 and 

shown in Figure S4, 4 displayed a well measurable effect on HeLa cells with an IC50 of 48 μM (95% 

confidence interval: 47-50 μM), while 3 and 2 showed IC50 values of >80 μM; the remaining derivatives 

6, 1, 5, and 7 were not cytotoxic under the conditions used. These results suggest that our fragment 

linking strategy already produces an active compound and that neither a longer linker nor an aliphatic 

or polar modification is beneficial to gain potency.  

To verify our design, we solved the crystal structure of the phenyl derivative 4 in complex with a well-

established tubulin crystal system composed of two longitudinally aligned αβ-tubulin heterodimers 

(the tubulin monomers are denoted αTub1, βTub1, αTub2, and βTub2), one copy of the stathmin-like 

protein RB3, and one copy of tubulin tyrosine ligase (the complex is denoted T2R-TTL; (Prota et al., 

2013a; Prota et al., 2013b)) to high resolution (Table S1; Figure S5A). The tubulin-4 structure revealed 

that the derivative indeed targeted site sID βαII (Figure 2A). In agreement with our structural 
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considerations (see above), we observed that this modification indeed abolished binding of 4 to the 

second binding site sID βIII of β-tubulin in our crystal system (Figure S3D). 

 

Figure 2. Structural basis of the meta-, ortho-, and para-substituted benzene groups of 4 derivatives. 

(A) Superimposition of the binding site of the tubulin-4 complex structure onto the ones of tubulin-
fragments F04 (green) and -fragment F41 (blue). (B) Superimposition of the binding site of the tubulin-
10 complex structure onto the ones of tubulin-fragments F04 (green) and –fragment F41 (blue). (C) 
Superimposition of the binding site of the tubulin-9 complex structure onto the ones of tubulin-
fragments F04 (green) and –fragment F36 (orange). (D) Superimposition of the binding site of the 
tubulin-8 complex structure onto the ones of tubulin-fragments F04 (green) and –fragment F41 (blue). 
The α- and β-tubulin monomers are shown in gray and white ribbon representation, respectively. 
Residues forming the binding site are shown in sticks representation and are labeled in black. The 
same atom color scheme as in Figure 1C has been used. Hydrogen bonds are shown as dashed black 
lines. 

 

We further found that the acetanilide motif of 4, which interacts with residues αT257, βN102, and 

βW407 displays the same tubulin-binding mode as F04 (Figure 2A). Accordingly, the introduced phenyl 

moiety is inserted into the deep hydrophobic cavity of α-tubulin similar to the fragment F41 binding 

pose, and by doing so, displaced the three structural water molecules seen in the tubulin-F04 complex 

structure. However, to achieve this specific orientation, the thiazole heterocycle of 4 had to flip by 

approximately 180° compared to the one of F04. This conformational change allowed 4 to establish 

two new hydrogen bonds between its amine and its thiazole-nitrogen with the side chain of αQ256; 

latter interaction is water mediated. 
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Table 1. IC50 values derived from the cell cytotoxicity assay. 

 

Cpd# R1 R2 IC501 
[μM] Cpd# R1 R2 IC501 

[μM] 

F04 H CH3 n/a 12 
  

34 
(31-36) 

1 
 

CH3 n/a 13 
  

38 
(33-42) 

2 
 

CH3 >802 14 

 

CH3 59 
(53-65) 

3 
 

CH3 >802 15 
 

CH3 37 
(33-40) 

4 
 

CH3 48 
(47-50) 16 

 
CH3 39 

(34-45) 

5 
 

CH3 n/a 17 

 

CH3 71 
(64-78) 

6 

 

CH3 n/a 18 
 

CH3 
8.8 
(8.1-
9.5) 

7 
 

CH3 n/a 19 
 

CH3 n/a 

8 

 

CH3 >802 20 
 

CH3 19 
(18-21) 

9 
 

CH3 30 
(26-33) 21 

 
CH3 50 

(47-54) 

10 
 

CH3 >802 22 
 

CH3 43 
(40-47) 

11 
 

 
38 

(37-41)     

1 HeLa cells were used for performing the assay. The 95% confidence interval is given in brackets.  
2 A clear effect on cells was observed but the data could not be fitted.  
n/a, no effect observed on cells under the experimental conditions tested.  
The dose-response curves of all experiments are shown in Figure S4. 
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Further optimization 

The crystal structure of the tubulin-4 complex revealed that additional space in the tubulin-binding 

pocket is available for extending both the phenyl and the acetyl groups of the ligand. Notably, 

fragment F41 contains a polar fluorine on its phenyl group (Figure 1BC). In the following, we thus 

tested the effect of attaching different substituents to the phenyl ring of 4 (Table 1). To select for the 

most promising substituents for subsequent chemical synthesis, chemical modifications were guided 

by visual inspection of the tubulin-4 complex structure, by docking studies, and by MM/GBSA 

calculations (Table S2).  

In a first step, we assessed whether attaching a fluorine atom to either the ortho- (8), meta- (9), or 

para-position (10) of the phenyl ring of 4 has an effect on the activity of the compound. As summarized 

in Table 1 and shown in Figure S4, the ortho- or para-position substitutions resulted in a significantly 

reduced cytotoxic activity of the derivatives with IC50 values of >80 μM compared to the parent 

compound. In contrast, the meta-position substitution resulted in an improved potency with an IC50 

value of 30 μM (95% confidence interval: 26-33 μM). We also tested the effect of modifications of the 

acetyl functional group of 4 by elongating it with an ethyl (11), isopropyl (12), or cyclopropyl (13) 

substituent. As summarized in Table 1 and shown in Figure S4, these modifications did not result in a 

significantly improved activity; this strategy was thus not followed any further. 

We sought to reinforce our findings on the gain in activity of 4 upon introducing modifications at the 

meta-position of its phenyl group. To this end, we synthesized two additional series of compounds 

with either a methyl group (14, 15, and 16) or trifluoromethyl substituents (17, 18, and 19) in the 

ortho-, meta-, or para-position (Table 1). Cytotoxicity assays revealed that the two types of 

modifications at the ortho-position retained some compound activity with IC50 values of 59 μM (95% 

confidence interval: 53-65 μM) and 71 μM (95% confidence interval: 64-78 μM; Table 1; Figure S4). In 

the case of the para-substitutions, the methyl group resulted in a slightly improved IC50 of 39 μM (95% 

confidence interval: 34-45 μM) over the parent compound, while attaching a trifluoromethyl group at 

this position abrogated activity. As with the fluorine derivatives, the best results were attained with 

the meta-substituted compounds with the one containing the trifluoromethyl group displaying the so 

far lowest IC50 value of 8.8 μM (95% confidence interval: 8.1-9.5 μM) (Table 1; Figure S4).  

Together, these results demonstrate that modification of the phenyl meta-position of 4 is the best 

strategy to gain potency. To test whether other substitutions could further increase potency, we 

synthesized three additional derivatives of 4 in which either a m-chloro (20), a m-hydroxyl (21), or a 

m-methoxy (22) group was introduced in its phenyl ring. However, none of these derivatives was more 

active than the trifluoromethylated compound 18 (Table 1; Figure S4). 
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Structural characterization of fluorinated derivatives 

To provide a structural explanation for the preference of meta- over ortho- and para-position 

substitutions of the phenyl ring of 4, we solved the crystal structures of the three single fluorinated 

derivatives 10, 9, and 8 in complex with tubulin (Table S1; Figure S5BCD). While none of the 

modifications influenced the interaction network formed between the core of 4 and tubulin (Figure 

2A), one major difference was the orientation of the m-fluorophenyl group in its binding pocket. While 

the ortho- and para-substituted phenyl groups were oriented similar to the ones of the parent 

compound and fragment F41 (Figure 2BD), the one of the meta-substituted derivative was oriented in 

an almost identical way as the phenyl group of fragment F36 (Figure 2C).  

When compared to the tubulin-4 structure, we further observed slight conformational changes of the 

side chains of the α-tubulin residues αL136 and αL167 upon ligand binding, which allow 

accommodating the respective fluorine atom at the different phenyl positions of the derivatives. The 

presence of fluorine at the para-position of the phenyl causes the δ1-methyl group of the side chain 

of αL136 to move upward compared to its conformation in the tubulin-4 structure while keeping the 

phenyl in the same orientation (Figure S6A-D). In this context, the hydrophobic environment around 

the phenyl para-position may explain why attaching a hydrophobic methyl group at this position 

displays a higher activity. Conversely, the presence of a slightly bulkier trifluoromethyl group at the 

same position can reduce the activity of the compound due to steric hindrance (Figure S6B). 

Polarization effects might also play a role since the hydrogens of a methyl are partially positively 

charged whereas fluorine atoms of a trifluoromethyl group bear partial negative charges. In the case 

of the o-fluorophenyl derivative, the substituent causes a displacement of the C atom of the αL167 

side chain by 1.8 Å similar to what is also seen in the tubulin-F41 structure (Figure 2D; Figure S6G). 

Furthermore, due to the large open space surrounding the ortho-position of the benzene, possible 

substituents should be carefully designed to engage in favorable interactions with residues forming 

the pocket (Figure S6H).  

Notably, the upward facing conformation of the αL136 side chain is also observed in the tubulin 

structure in complex with the m-fluorophenyl derivative. However, in this case the conformational 

change is due to the different orientation of the benzene ring compared to the one seen for the ortho- 

and para-substituted derivatives (Figure S6CEG). Notably, the fluorine atom of the meta-substituted 

derivative interacts favorably with a small pocket formed by the side chains of αC4 and αQ133, and 

the main chain of αQ133 and αF135 (Figure S6EF).  

To provide a structural explanation of why a trifluoromethyl substituent attached to the meta-position 

of the phenyl group of the parent compound produces the most active derivative, we solved the 
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crystal structure of 18 in complex with tubulin (Table S1; Figure S5E). Interestingly, the structure 

revealed that while the binding mode including the hydrogen-bonding network of 18 is essentially the 

same as for the m-fluorophenyl derivative 9, its m-trifluoromethyl group points in the opposite 

direction compared to the single fluorine substituted derivative (Figure 3A). This change in orientation 

may explain the improved activity of 18 over 9, as the trifluoromethyl group is now deeply inserted 

into a hydrophobic pocket formed by the side chains of residues αC4, αF52, αL136, αL167, αL242, and 

αL252 (Figure 3B). This is in contrast to the derivative with the single m-fluorine that rather weakly 

interacts with the side chains of residues αC4 and αQ133, and the main chains of αQ133 and αF135 

(Figure 2C). 

 

Figure 3. Structural basis of Todalam. 

(A) Binding mode of Todalam as seen in the crystal structure of the tubulin-Todalam complex. The α- 
and β-tubulin monomers are shown in gray and white ribbon representation, respectively. Residues 
forming the binding site are shown in stick representation and are labeled in black. The same atom 
color scheme as in Figure 1C has been used. Hydrogen bonds are shown as dashed black lines. (B) 
Zoom showing the interaction of the trifluoromethyl-benzene group of Todalam with β-tubulin. The 
pocket is shown in surface representation and colored with a gradient from red for a hydrophobic to 
white for a hydrophilic environment. 

 

Together, these results and considerations indicate that the precise conformations of the m-

trifluoromethyl substituted phenyl ring of 18 and of the αL136 and αL167 residue side chains, in 

combination with optimal packing interactions between the trifluoromethyl moiety and a hydrophobic 
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pocket in α-tubulin is most likely responsible for the activity of the compound in the low micromolar 

range. From here onwards, we refer to 18 as “Todalam” and to its binding site as the “Todalam site”. 

 

Effect of Todalam on tubulin and microtubules in vitro and in cells 

Next, we characterized the molecular mechanism of action of Todalam on tubulin and microtubules. 

As a first step, we sought to test whether the observed cytotoxicity of Todalam is indeed linked to an 

effect on tubulin and microtubules. First, we used a standard in vitro tubulin polymerization assay in 

which we incubated 30 μM of tubulin with increasing amounts of Todalam between 0 and 1000 μM 

under polymerizing conditions. As shown in Figure 4A and Figure S7A, Todalam had already an effect 

on tubulin polymerization at stoichiometric concentrations and fully inhibited microtubule formation 

at a concentration of 100 μM with an IC50 of 48 ± 17 μM. Inspection of tubulin samples (20 μM), which 

were incubated under depolymerizing conditions with 150 μM of Todalam by negative staining 

transmission electron microscopy showed the formation of ring-like tubulin oligomers (Figure 4B). 

Similar ring-like tubulin oligomers are also observed by incubating tubulin with the interdimer-

interface binding and microtubule-destabilizing agent vinblastine (Figure S7B) (Prota et al., 2014). 

 

Figure 4. Effect of Todalam on tubulin and microtubules in vitro.  

(A) Inhibition of tubulin polymerization assessed by microtubule pelleting assays performed in the 
presence of the indicated increasing amounts of Todalam or control compounds at 10 μM. Tubulin 
concentration: 30 μM. For raw data, see Figure S7A. (B) Negative staining electron micrographs of 
tubulin incubated together with 150 μM Todalam (gallery) or without the compound (overview 
micrograph). Tubulin concentration: 20 μM. Scale bars, 50 nm.  
 

To test the effect of Todalam on microtubules in different cell types, we performed immunostaining 

assays. The representative fluorescence confocal microscopy images shown in Figures 5A and S7C 

reveal that disruption of the microtubule network in HMF3a, MDAMB 231, and HeLa cells is achieved 

after 4 hours of incubation with 20 μM of the compound. Consequently, the shape of both the cells 

themselves and their nuclei changed dramatically and the cells lost their capability to stay attached to 
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the cover slips. As shown in Figure 5B for HMF3a cells, this phenotype could be largely reverted after 

washing out the compound and let the cells recover for 16 hours. We further performed a cell cycle 

analysis with HMF3a cells after treatment with 20 µM Todalam for 24 hours using flow cytometry and 

found that the compound induced a 2-3 fold increase in the G2 cell population compared to the DMSO 

control (Figure S7D). Together, these results are consistent with Todalam acting as a reversible 

microtubule-destabilizing agent in vitro and in cells. 

 

Figure 5. Effect of Todalam on microtubules in cells.  

(A) Representative fluorescence confocal microscopy images of HMF3a, MDAMB 231, and HeLa cells 
that were treated either with 0.5 % DMSO (control, upper panels) or 20 μM Todalam (lower panels) 
for 4 hours. Microtubules are immunostained with an anti α-tubulin antibody and are colored in red; 
the cell nuclei are stained with DAPI (4′,6-diamidin-2-phenylindole) and are colored in blue. Scale bar, 
20 μm. (B) Drug wash out experiments. Representative confocal images of HMF3a cells that were 
treated with 20 μM Todalam for 4 hours, subsequently washed with culture media, and left to recover 
for 16 hours. The immunostaining assay is identical to the one shown in (A). Scale bar, 20 μm. 
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Molecular mechanism of action of Todalam 

How does Todalam destabilize microtubules? To answer this question, we analyzed Todalam binding 

to tubulin in the context of a microtubule. It is well established that the αβ-tubulin heterodimer 

undergoes a “curved-to-straight” conformational change upon incorporation into the microtubule 

lattice. This global conformational change is brought about by a rotational movement of the 

intermediate domain of both the α- and β-tubulin monomers with respect to their N- and C-terminal 

domains (Ravelli et al., 2004). Notably, the α-tubulin half site of the Todalam pocket is formed by 

secondary structure elements stemming from both the N-terminal (αS4 and αS5) and intermediate 

(αH8) domains of α-tubulin. As shown in Figure 6A, helix αH8 moves towards strands αS4 and αS5 

when the α-tubulin monomer transitions from the curved to the straight conformation. In the 

presence of Todalam, however, this movement causes helix αH8 to clash into the core moiety of the 

compound. Thus, Todalam seems to act as a “steric molecular plug” that hinders helix αH8 to move 

closer to strands αS4 and αS5 during the curved-to-straight tubulin dimer conformational transition.  

The situation is different on the β-tubulin half site of the Todalam pocket, which is formed by 

secondary structure elements from the N-terminal (βT3) and the C-terminal domain (βH11’). Since 

both β-tubulin domains move in accord during the curved-to-straight tubulin dimer conformational 

change, the conformation of this Todalam half site is maintained; the ligand is thus expected to bind 

to both β-tubulin conformational states (Figure 6B).  

Due to its particular binding site located between two longitudinally aligned tubulin dimers, Todalam 

can bind simultaneously both the α- and β-tubulin monomers of two tubulin dimers (Figures 1A and 

3). This readily explains the promotion of tubulin ring-like oligomer formation in the presence of 

Todalam in vitro (Figure 4B). Notably, vinblastine also destabilizes microtubules by promoting ring-like 

oligomers though by binding to a different composite site formed between two longitudinally aligned 

tubulin dimers (Gigant et al., 2005). To test whether Todalam and vinblastine can bind to tubulin 

simultaneously, we soaked T2R-TTL crystals with both compounds and solved the complex structure 

by X-ray crystallography. As expected, we found that both ligands bound to two different sites located 

at the tubulin interdimer interface in the T2R-TTL complex (Figure S8A). We also tested if Todalam and 

vinblastine when applied together can augment their cell growth inhibitory effects. We found that 

when reciprocally assessed and using low concentrations of one of the compounds, which do not 

affect cell proliferation (Figure S8B), the compounds acted synergistically (Figure S8CD).  
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Figure 6. Molecular mechanism of action of Todalam.  

(A) and (B) Superimposition of the α-tubulin (A) and β-tubulin (B) half sites of the Todalam pocket in 
the curved and straight tubulin conformational of the tubulin dimer. The curved conformational states 
of the α- and β-tubulin subunits are shown in grey and white ribbon representation, respectively. The 
straight states of tubulin monomer structures were taken from PDB ID 6DPV and are colored according 
to their three domains: N-terminal domain in yellow (residues 1-205), intermediate domain in orange 
(residues 206-384), and C-terminal domain in red (residues 385-440). For the superposition of the 
curved and straight conformational states of α- and β-tubulin, the central strands αS1, αS2, αS4, αS5, 
and αS6, or βS1, βS2, βS4, βS5, and βS6 were used, respectively. Secondary structure elements are 
labelled in blue. For simplicity, strand αS1 that is not involved in the molecular mechanism of action 
of Todalam was removed in panel (A). The black arrow in panel (A) indicates the movement of helix 
αH8 during the curved-to-straight conformational transition of the tubulin dimer. (C) Schematic 
illustration of the molecular mechanism of action of Todalam on tubulin and microtubules. Upper 
panel: Tubulin assembly in the absence of Todalam, highlighting the shift of the αH8 helix of α-tubulin 
required for proper accommodation of the incoming tubulin dimer. Lower Panel: The presence of 
Todalam blocks the αH8-shift, thereby preventing microtubule growth and promoting the formation 
of ring-like oligomers. 

 

Together these observations suggest that Todalam destabilized microtubules via predominantly two 

mechanisms (Figure 6C): (i) by acting as a steric molecular plug that inhibits the curved-to-straight 

conformational activation switch in α-tubulin, and (ii) by locking tubulin dimers into microtubule-

assembly incompetent oligomers. Our results further indicate that Todalam and vinblastine in 

combination can act synergistically to inhibit cell growth. 
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Conclusions 

Here, we capitalized on our previously performed crystallographic fragment screen (Mühlethaler et 

al., 2021) and generated the antitubulin compound “Todalam” using a structure-based drug-discovery 

approach. We demonstrate that Todalam binds to a novel site in tubulin, which we dubbed the 

“Todalam site”. We further show that Todalam kills HeLa cells, induces G2/M arrest, disrupts cellular 

microtubule networks, and can inhibit cell growth in a synergistic manner in combination with 

vinblastine. Todalam achieves its effect by locking α-tubulin in an inactive conformational state and 

by sequestering tubulin dimers. To the best of our knowledge, Todalam is the first-ever, fully rationally 

designed tubulin inhibitor with an original molecular mechanism of action.  

Crystallography-based fragment screening is a very powerful approach for hit discovery, which has 

already lead to several drugs and chemical probes (Erlanson et al., 2016). A key open question in the 

field is whether the fragments identified in this manner are useful starting points for the rapid 

development of lead-like molecules.(Krojer et al., 2020) Our study highlights that this is indeed the 

case for the complex anticancer target tubulin. We generated a limited number of compounds with 

only two rounds of straightforward chemical synthesis guided by structural and computational 

analyses, which led to the lead-like, small molecule inhibitor Todalam with a molecular weight of 377 

Da. Todalam sets an excellent basis for a deeper SAR exploration. In this context, we noted that an m-

chloro substitution of the parent compound’s phenyl group displayed a favorable IC50. We thus 

anticipate that additional extensive modifications of the core part of Todalam in combination with the 

further exploration of its acetanilide moiety should improve the activity of Todalam down to the low 

nanomolar range.  

Our series of compounds bear a good chemical tractability. This remarkably contrasts with approved 

antitubulin drugs used in the clinic, which are typically derived from natural products and display 

complex chemical structures with multiple chiral centers and complicated synthetic routes - their total 

synthesis and chemical modification is thus not straightforward. In contrast, we here show that an 

entirely rational approach, along with a limited straightforward SAR exploration, is also possible for 

tubulin inhibitors, providing unique opportunities to overcome some of the bottlenecks associated 

with drug discovery programs targeting tubulin.  

Taken together, our results demonstrate the usefulness of tubulin-binding fragments as valuable 

starting points for innovative antitubulin drug and chemical probe discovery campaigns. They further 

highlight that crystallographic fragment screening is particularly powerful with complex targets for 

which only natural compounds have so far reached clinical practice. 
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Supplementary information for chapter 4 

Supplementary materials and methods 

I. Synthesis of compounds 

General methods 

Reagents and solvents used, unless stated otherwise, were of commercially available reagent grade 

quality and were used without further purification. Reaction solvents were used anhydrous, 

purchased in Sure/Seal bottles stored over molecular sieves. Anhydrous reactions were run under a 

positive pressure of dry Argon or Nitrogen. Silica gel flash chromatography purifications were 

performed on Merck silica gel 60 (0.04-0.063 mm) or Biotage Isolera using pre-packed columns from 

Grace and Biotage. Nuclear magnetic resonance spectra (1H NMR, 13C NMR) were recorded at 300 K 

on an Agilent VNMRS 500 MHz spectrometer or a Bruker Advance III 400 system equipped with a BBI 

probe and Z-gradients. Chemical shifts were expressed in parts per million (ppm,  units) and internally 

referenced to the solvent signals. Data were presented as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, dd = double doublet, td = triple doublet, q = quartet, spt = septet, m = 

multiplet and/or multiplet resonances, bs= broad signal), integration and coupling constant (J) in Hertz 

(Hz). UPLC-MS experiments were performed on a Water Acquity UPLC apparatus, equipped with a 

diode array and a Micromass SQD single quadruple (Waters) using an Acquity UPLC BEH C18 (50 x 2.1 

mm, 1.7 µm) or Acquity UPLC HSS T3 (50 x 2.1 mm, 1.8 µm) column. Phase A was composed by either 

Milli-Q water/ACN 95/5 + 0.07% formic acid or Milli-Q water + 0.07% formic acid; Phase B by ACN + 

0.05% formic acid; flow rate: 0.6 mL/min; UV detection (DIODE array) 210-400 nm; electrospray 

ionization source (ESI+/-: 100-2000 m/z). Resolution 30000, AGC target 1e6, and IT 30 ms. The 

compounds used for biological tests were monitored at 254 nm, their purity was found to be ≥95% 

with the analytical method below. The column was washed 1 minute with a mixture of 30% of eluent 

A and 70% eluent B. 0.5 µl of the sample was injected and the separation was performed starting from 

a mixture of 30% eluent A and increasing the content of eluent B to 100% in 3 minutes. The column 

was then washed with 100% of B for 0.5 minutes. An LC/MS quality check (QC) was performed for all 

compounds before testing. A 10 mM stock solution of the compound was prepared in DMSO-d6, 

diluted 20-fold with ACN−H2O (1:1), and analyzed on a Waters ACQUITY UPLC/MS system consisting 

of a Single Quadrupole Detector (SQD) Mass Spectrometer equipped with an Electrospray Ionization 

interface and a Photodiode Array Detector. Electrospray ionization in positive and negative modes 

was applied in the mass scan range 100−500 Da. The PDA range was 210−400 nm. The analyses were 

run on an ACQUITY UPLC BEH C18 column (100 × 2.1 mmID, particle size 1.7 μm) with a VanGuard BEH 

C18 pre-column (5 × 2.1 mm ID, particle size 1.7 μm). The mobile phase was 10 mM NH4OAc in H2O at 
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pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in ACN−H2O (95:5) at pH 5 (B) with 0.5 mL/min as 

the flow rate. A linear gradient was applied: 10% B for 0.2 min, 10−90% B in 6.0 min, 90−100% in 0.1 

min, 100% B for 0.7 min. All tested compounds showed ≥95% purity at QC analyses. 

 

General procedure 1 (GP1) for reductive aminations: experimental procedure for the formation of the 

aliphatic amines 

To a suspension of corresponding 2-aminothiazol (1 mmol) and aldehyde (2 mmol) in dichloroethane 

(11 ml) were added sodium triacetoxyborohydride (2.8 mmol) and acetic acid (5 mmol) at 0 °C. The 

reaction mixture was stirred for 2 days at room temperature, then quenched by 1 N NaOH and the 

aqueous phase was extracted with EtOAc (3 times). The combined organic extracts were washed with 

brine, dried over Na2SO4, filtered and evaporated in vacuo. The crude mixture was purified by manual 

flash column chromatography or Biotage Isolera to afford the target compounds. 

 

General procedure 2 (GP2) for Hantzsch aminothiazole synthesis: experimental procedure for the 

formation of secondary amines with a ring containing lipophilic appendage 

Corresponding α-bromoketone (1 mmol) was added to a solution of corresponding thiourea (1.1 

mmol) in ethanol (7.7 ml). After 30 minutes of stirring at room temperature the product precipitated. 

The suspension was cooled down to 0 °C, filtered and the precipitate was washed with ice-cold ethanol 

3 times. The precipitate was diluted in EtOAc, washed with 0.1 N NaOH aqueous solution, with brine, 

dried over Na2SO4, filtered and evaporated in vacuo to finally afford the target compound. 

 

General procedure 3 (GP3) for amide couplings: experimental procedure for the amide formation at 

the aniline region 

Under nitrogen atmosphere, to a 0 °C suspension of corresponding aniline intermediate (1 mmol) in 

anhydrous DCM (5.3 ml) were added DIPEA (2 mmol) and corresponding acyl chloride (1.1 mmol). The 

reaction mixture was stirred for 30 min at 0 °C, warmed up to room temperature and stirred for 1 

extra hour. Then the reaction mixture was quenched by NaHCO3 saturated aqueous solution, the 

aqueous phase extracted with EtOAc (3 times), the combined organic extracts washed with brine, 

dried over Na2SO4, filtered and evaporated in vacuo. The reaction crude was finally purified by manual 

flash column chromatography or Biotage Isolera to afford target compound.
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Synthesis of N-(4-(2-(isobutylamino)thiazol-4-yl)phenyl)acetamide (1) 

 

Title compound was prepared according to general procedure 1 (GP1) using N-(4-(2-aminothiazol-4-

yl)phenyl)acetamide (200 mg, 0.86 mmol) and isobutyraldehyde (0.16 ml, 1.72 mmol). The crude 

mixture was purified by flash column chromatography (DCM/MeOH: 98/2) to afford compound 1  as 

a white solid (yield 56 %). 1H NMR (400 MHz, DMSO-d6) δ 9.96 (s, 1H), 7.73 (d, J = 8.7 Hz, 2H), 7.64 (t, 

J = 5.6 Hz, 1H), 7.57 (d, J = 8.7 Hz, 2H), 6.88 (s, 1H), 3.08 (dd, J = 6.7, 5.7 Hz, 1H), 2.04 (s, 3H), 1.91 

(hept, J = 6.9 Hz, 1H), 0.93 (d, J = 6.7 Hz, 6H). 13C NMR (101 MHz, DMSO-d6) δ 168.63 (CO), 168.17 (C), 

149.82 (C), 138.42 (C), 129.96 (C), 125.95 (CH), 118.81 (CH), 99.09 (CH), 52.39 (CH2), 27.71 (CH3), 24.00 

(CH), 20.25 (CH3). MS (ESI) m/z calcd. for C15H19N3OS , 289.1; found, 290.1 [M+H]+. QC analysis: tR = 

4.02 min, purity (UV at 215 nm) 98 %. 

 

Synthesis of N-(4-(2-(neopentylamino)thiazol-4-yl)phenyl)acetamide (2)  

 

Title compound was prepared according to general procedure 1 (GP1) using N-(4-(2-aminothiazol-4-

yl)phenyl)acetamide (200 mg, 0.86 mmol) and trimethyl acetaldehyde (0.16 ml, 1.72 mmol). The crude 

mixture was purified by flash column chromatography (DCM/MeOH: 98/2) to afford compound 2  as 

a white solid (yield 24 %). 1H NMR (400 MHz, DMSO-d6) δ 9.97 (s, 1H), 7.72 (d, J = 8.7 Hz, 2H), 7.56 (d, 

J = 8.7 Hz, 2H), 6.86 (s, 1H), 3.11 (d, J = 5.9 Hz, 2H), 2.03 (s, 3H), 0.94 (s, 9H). 13C NMR (101 MHz, DMSO-

d6) δ 169.20 (CO), 168.16 (C), 138.40 (C), 125.94 (CH), 118.81 (CH), 99.00 (CH), 56.47 (CH2), 32.29 (C), 

27.36 (CH3), 23.99 (CH3). MS (ESI) m/z calcd. for C16H21N3OS , 303.1; found, 304.1 [M+H]+. UPLC purity, 

98 %, tR = 1.41 min. QC analysis: tR = 4.43 min, purity (UV at 215 nm) ≥99.5 %.  
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Synthesis of N-(4-(2-(cyclohexylamino)thiazol-4-yl)phenyl)acetamide (3)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (90 mg, 0.35 mmol) and cyclohexylthiourea (62 mg, 0.39 mmol). The crude mixture was 

purified by Biotage Isolera flash column chromatography (Solvent A: DCM; Solvent B: MeOH; 

Detection: 254nm; isocratic solution 2% of solvent B and then isocratic solution 4% of solvent B) to 

afford title compound as a white solid (yield 81 %). 1H NMR (500 MHz, DMSO-d6) δ 9.97 (s, 1H), 7.71 

(d, J = 8.7 Hz, 2H), 7.57-7.54 (m, 3H), 6.87 (s, 1H), 3.53 – 3.44 (m, 1H), 2.03 (s, 3H), 1.98-1.90 (m, 2H), 

1.80 – 1.67 (m, 2H), 1.61 – 1.53 (m, 1H), 1.36-1.13 (m, 5H). 13C NMR (101 MHz, DMSO-d6) δ 168.35 

(CO), 167.56 (C), 149.78(C), 138.45(C), 130.03(C), 126.03 (CH), 118.94 (CH), 99.14 (CH), 53.52 (CH), 

32.39 (CH2), 25.40 (CH2), 24.53 (CH2), 24.05 (CH3). MS (ESI) m/z calcd. for C17H21N3OS , 315.4; found, 

316.1 [M+H]+. UPLC purity, 97 %, tR = 1.43 min. QC analysis: tR = 4.56 min, purity (UV at 215 nm) 99 %. 

 

Synthesis of N-(4-(2-(phenylamino)thiazol-4-yl)phenyl)acetamide (4)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (90 mg, 0.35 mmol) and cyclophenylthiourea (60 mg, 0.39 mmol). The crude mixture was 

finally purified by flash column chromatography in a Biotage Isolera instrument (isocratic 2 % MeOH 

in DCM followed by isocratic 4 % MeOH in DCM) to afford title compound (yield 96 %). 1H NMR (500 

MHz, DMSO-d6) δ 10.24 (s, 1H), 10.02 (s, 1H), 7.84 (d, J = 8.7 Hz, 2H), 7.71 (d, J = 7.5 Hz, 1H), 7.63 (d, J 

= 8.7 Hz, 2H), 7.34 (dd, J = 8.6, 7.3 Hz, 2H), 6.96 (tt, J = 7.3, 1.1 Hz, 1H), 2.05 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6) δ 168.36 (CO), 163.04 (C), 149.97 (C), 141.26 (C), 138.77 (C), 129.52 (C), 129.05 (CH), 126.11 

(CH), 121.21 (CH), 119.03 (CH), 116.85 (CH), 101.54 (CH), 24.06 (CH3). MS (ESI) m/z calcd. for 

C17H15N3OS , 309.1; found, 310.4 [M+H]+. UPLC purity, 99 %, tR = 1.66 min. QC analysis: tR = 4.08 min, 

purity (UV at 215 nm) 99 %.  
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Synthesis of N-(4-(2-(benzylamino)thiazol-4-yl)phenyl)acetamide (5)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (90 mg, 0.35 mmol) and N-Benzylthiourea (64 mg, 0.39 mmol). The crude mixture was finally 

purified by flash column chromatography in a Biotage Isolera instrument (isocratic 2 % MeOH in DCM 

followed by isocratic 4 % MeOH in DCM) to afford title compound (yield 80 %).1H NMR (500 MHz, 

DMSO-d6) δ 9.97 (s, 1H), 8.15 (t, J = 5.9 Hz, 1H), 7.72 (d, J = 8.7 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.42 – 

7.37 (m, 2H), 7.33 (dd, J = 8.4, 6.8 Hz, 2H), 7.28 – 7.22 (m, 1H), 6.92 (s, 1H), 4.49 (d, J = 5.9 Hz, 2H), 

2.03 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 168.28 (CO), 168.24 (C), 149.73 (C), 139.28 (C), 138.48 

(C), 129.85 (C), 128.31 (CH), 127.54 (CH), 126.96 (CH), 125.99 (CH), 118.85 (CH), 99.82 (CH), 47.83 

(CH2), 24.02 (CH3). MS (ESI) m/z calcd. for C18H17N4OS , 323.1; found, 324.0 [M+H]+. UPLC purity, 99 %, 

tR = 1.49 min. QC analysis: tR = 4.06 min, purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-[4-(4-acetamidophenyl)thiazol-2-yl]benzamide (6) 

H
N N

NH

O

SO  

Triethylamine (0.24 ml, 1.72 mmol) and benzoylchloride (0.2 ml, 1.72 mmol) were added to a 0 °C 

suspension of N-(4-(2-aminothiazol-4-yl)phenyl)acetamide (200 mg, 0.86 mmol) in anhydrous DCM 

(15 ml) under nitrogen atmosphere. The reaction mixture was initially stirred for 30 min at 0 °C and 

then at room temperature for 16 hours. Extra triethylamine (0.24 ml, 1.72 mmol) and benzoylchloride 

(0.2 ml, 1.72 mmol) were added and the reaction mixture stirred at room temperature for 1 day, 

afterwards HCl 0.1 N was added (50 ml), the aqueous layer extracted with EtOAc (3 x 25 ml), the 

combined organic dried over Na2SO4, filtered and evaporated in vacuo. The crude mixture was finally 

purified by flash column chromatography in a Biotage Isolera instrument (isocratic 1 % MeOH in DCM: 

200 ml followed by isocratic 2 % MeOH in DCM: 200 ml) to afford title compound (72 mg, yield 25 %). 
1H NMR (401 MHz, DMSO-d6) δ 12.75 (s, 1H), 10.02 (s, 1H), 8.17 – 8.09 (m, 2H), 7.91 – 7.83 (m, 2H), 

7.69 – 7.60 (m, 3H), 7.60 – 7.51 (m, 3H), 2.06 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 168.30 (CO), 

138.95 (C), 132.56 (CH), 132.06 (C), 128.56 (CH), 128.17 (CH), 126.18 (CH), 119.01 (CH), 107.22 (CH), 
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24.04 (CH3). MS (ESI) m/z calcd. for C18H15N3O2S , 337.1; found, 338.1 [M+H]+. QC analysis: tR = 3.79 

min, purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-[4-[2-(methanesulfonamido)thiazol-4-yl]phenyl]acetamide (7) 

 

2-methanesulfonyl chloride (0.03 ml, 0.43 mmol) was added to a 0 °C solution of N-(4-(2-aminothiazol-

4-yl)phenyl)acetamide (100 mg, 0.43 mmol) in anhydrous DCM (2 ml) and pyridine (1 ml) under 

nitrogen atmosphere. The reaction mixture was initially stirred for 30 min at 0 °C and then at room 

temperature for 6 hours, afterwards HCl 0.1 N was added (15 ml), the aqueous layer extracted with 

EtOAc (3 x 25 ml), the combined organic dried over Na2SO4, filtered and evaporated in vacuum. The 

crude mixture was finally purified by flash column chromatography in a Biotage Isolera instrument 

(SiO2, Hexane/EtOAc from 55/45 to 30/70) to afford title compound (20 mg, yield 70 %). 1H NMR (401 

MHz, DMSO-d6) δ 12.75 (s, 1H), 10.02 (s, 1H), 8.17 – 8.09 (m, 2H), 7.91 – 7.83 (m, 2H), 7.69 – 7.60 (m, 

3H), 7.60 – 7.51 (m, 3H), 2.06 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 126.12 (CH), 118.81 (CH), 101.44 

(CH), 40.53 (CH3), 24.03 (CH3). MS (ESI) m/z calcd. for C12H13N3O3S2  311.4; found, 312.0 [M+H]+. UPLC 

purity, 95 %, tR = 0.88 min. QC analysis: tR = 2.07 min, purity (UV at 215 nm) 99 %. 

 

Synthesis of N-(4-(2-((2-fluorophenyl)amino)thiazol-4-yl)phenyl)acetamide (8)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and N-(2-fluorophenyl)thiourea (50 mg, 0.29 mmol), yield 75 %. 1H NMR 

(500 MHz, DMSO-d6) δ 10.03 – 10.01 (m, 2H), 8.59 (td, J = 8.6, 1.7 Hz, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.63 

(d, J = 8.7 Hz, 2H), 7.29 – 7.14 (m, 3H), 7.03 – 6.98 (m, 1H), 2.05 (s, 3H). 13C NMR (126 MHz, DMSO-d6) 

δ 168.24 (CO), 163.04 (C), 151.56 (CF, d, JCF = 243.2 Hz), 149.62 (C), 138.75 (C), 129.39 (C), 129.11 (d, 

JCF = 10.6 Hz), 126.04 (CH), 124.72 (CH, d, JCF = 3.4 Hz), 122.00 (CH, d, JCF = 7.2 Hz), 119.72 (CH), 118.95 

(CH), 115.04 (CH, d, JCF = 18.7 Hz), 102.71 (CH), 24.03 (CH3). MS (ESI) m/z calcd. for C17H14FN3OS 327.1; 

found 328.2 [M+H]+. UPLC purity, 98 %, tR = 1.75 min. QC analysis: tR = 4.17 min, purity (UV at 215 nm) 

≥99.5 %.  
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Synthesis of N-(4-(2-((3-fluorophenyl)amino)thiazol-4-yl)phenyl)acetamide (9)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and N-(3-fluorophenyl)thiourea (50 mg, 0.29 mmol), yield 78 %. 1H NMR 

(500 MHz, DMSO-d6) δ 10.48 (s, 1H), 10.02 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.77 (dt, J = 12.2, 2.2 Hz, 

1H), 7.64 (d, J = 8.7 Hz, 2H), 7.46 – 7.30 (m, 2H), 7.26 (s, 1H), 6.89 – 6.65 (m, 1H), 2.06 (s, 3H). 13C NMR 

(126 MHz, DMSO-d6) δ 168.27 (CO), 162.56 (CF, d, JCF = 240.7 Hz), 162.53 (C), 149.97(C), 142.83 (C, d, 

JCF = 11.4 Hz), 138.86 (C), 130.53 (CH, d, JCF = 9.7 Hz), 129.29 (C), 126.04 (CH), 118.99 (CH), 112.68 (CH, 

d, JCF = 2.4 Hz), 107.33 (CH, d, JCF = 21.3 Hz), 103.41 (CH, d, JCF = 26.8 Hz), 102.19 (CH), 24.03 (CH3). MS 

(ESI) m/z calcd. for C17H14FN3OS  327.1; found 328.2 [M+H]+. UPLC purity, 99 %, tR = 1.76 min. QC 

analysis: tR = 4.20 min, purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-(4-(2-((4-fluorophenyl)amino)thiazol-4-yl)phenyl)acetamide (10)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (90 mg, 0.35 mmol) and N-(4-fluorophenyl)thiourea (66 mg, 0.39 mmol), yield 87 %. 1H NMR 

(500 MHz, DMSO-d6) δ 10.25 (s, 1H), 10.01 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.78 – 7.72 (m, 2H), 7.63 (d, 

J = 8.5 Hz, 2H), 7.31 – 7.05 (m, 3H), 2.05 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 126.18 (CH), 118.02 

(CH), 118.77 (CH), 115.35 (CH), 101.16 (CH), 24.00 (CH3). MS (ESI) m/z calcd. for C17H14FN3OS  327.1; 

found, 328.2 [M+H]+. UPLC purity, 99 %, tR = 1.72 min. UPLC purity, 99 %, tR = 1.76 min. QC analysis: tR 

= 4.13 min, purity (UV at 215 nm) ≥99.5 %.  
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Synthesis of N-[4-[2-(3-fluoroanilino)thiazol-4-yl]phenyl]propanamide (11) 

Step 1. Synthesis of N-(3-fluorophenyl)-4-(4-nitrophenyl)thiazol-2-amine (23)  

 

Title compound was prepared according to general procedure 2 (GP2) using 2-bromo-1-(4-

nitrophenyl)ethanone (1225 mg, 4.81 mmol) and N-(3-fluorophenyl)thiourea (940 mg, 5.29 mmol). 

Yield: 72 %. 1H NMR (500 MHz, DMSO-d6) δ 10.66 (s, 1H), 8.40 – 8.27 (m, 2H), 8.23 – 8.12 (m, 2H), 

7.80 (s, 1H), 7.79 – 7.74 (m, 1H), 7.46 – 7.28 (m, 2H), 6.89 – 6.70 (m, 1H). UPLC-MS (ESI) m/z calcd. for 

C15H10FN3O2S , 315.3; found, 316.0 [M+H]+. tR = 2.32 min. 

 

Step 2. Synthesis of 4-(4-aminophenyl)-N-(3-fluorophenyl)thiazol-2-amine (24)  

 

Iron filings (25150 mg, 45.0 mmol) and 24.5 % HCl solution (0.75 ml, 6.0 mmol) were added to a 60 °C 

suspension of 23 (946 mg, 45.0 mmol) in isopropanol (40 ml). The reaction mixture was stirred at 60 

°C for 1 hour, then cooled to room temperature, filtered through a celite coarse pad, and the filtrate 

concentrated to dryness in vacuum. Final flash chromatography (Isolera instrument, 80 g silica 

cartridge, isocratic DCM/MeOH 99/1, 1.4 l) yielded title compound (310 mg, yield 36 %). 1H NMR (500 

MHz, DMSO-d6) δ 10.41 (s, 1H), 7.84 – 7.74 (m, 1H), 7.63 – 7.53 (m, 2H), 7.35 (td, J = 5.4, 4.7, 2.9 Hz, 

2H), 6.96 (s, 1H), 6.75 (ddt, J = 8.9, 5.6, 3.0 Hz, 1H), 6.64 – 6.56 (m, 2H), 5.31 (s, 2H). UPLC-MS (ESI) 

m/z calcd. for C15H12FN3S , 285.3; found, 286.1 [M+H]+. tR = 1.60 min. 

Step 3. Synthesis of N-[4-[2-(3-fluoroanilino)thiazol-4-yl]phenyl]propanamide (11) 

 

Title compound was prepared according to general procedure 3 (GP3) using 24 (80 mg, 0.28 mmol) 

and propionyl chloride (0.029 ml, 0.31 mmol). Flash column chromatography purification (Biotage 

Isolera instrument, 24 g silica cartridge, Solvent A: Hexane; Solvent B: Ethyl acetate; Detection: 254nm; 

Gradient: 20 % to 60% of solvent B) and final crystalization in hexane/ Ethyl acetate (9/1) yielded title 

compound (yield 50 %). 1H NMR (500 MHz, DMSO-d6) δ 10.49 (s, 1H), 9.96 (s, 1H), 7.87 – 7.80 (m, 2H), 

7.77 (dt, J = 12.1, 2.0 Hz, 1H), 7.73 – 7.61 (m, 2H), 7.43 – 7.31 (m, 2H), 7.27 (s, 1H), 6.82 – 6.72 (m, 1H), 
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2.34 (q, J = 7.5 Hz, 2H), 1.09 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.99 (CO), 162.58 

(CF, d, JCF = 240.8 Hz), 162.53 (C), 150.00 (C), 142.84 (C, d, JCF = 11.4 Hz), 138.94 (C), 130.57 (CH, d, JCF 

= 9.8 Hz), 129.21 (CH), 126.05 (CH), 119.01 (CH), 112.69 (CH, d, JCF = 2.5 Hz), 107.35 (CH, d, JCF = 21.3 

Hz), 103.42 (CH, d, JCF = 26.8 Hz), 102.18 (CH), 29.55 (CH2), 9.68 (CH3). MS (ESI) m/z calcd. for 

C18H16FN3OS 341.4; found 342.3 [M+H]+. UPLC purity, 99 %, tR = 1.91 min. QC analysis: tR = 4.55 min, 

purity (UV at 215 nm) 98 %. 

 

Synthesis of N-[4-[2-(3-fluoroanilino)thiazol-4-yl]phenyl]-2-methyl-propanamide (12) 

 

Title compound was prepared according to general procedure 3 (GP3) using 24 (80 mg, 0.28 mmol) 

and isobutyryl chloride (0.032 ml, 0.31 mmol). Flash column chromatography purification (Biotage 

Isolera instrument, 24 g silica cartridge, Solvent A: Hexane; Solvent B: Ethyl acetate; Detection: 254nm; 

Gradient: 20 % to 40% of solvent B) and final crystalization in hexane/ Ethyl acetate (9/1) yielded title 

compound (yield 84 %). 1H NMR (500 MHz, DMSO-d6) δ 10.49 (s, 1H), 9.93 (s, 1H), 7.91 – 7.81 (m, 2H), 

7.77 (dt, J = 12.2, 1.9 Hz, 1H), 7.73 – 7.62 (m, 2H), 7.45 – 7.31 (m, 2H), 7.27 (s, 1H), 6.86 – 6.70 (m, 1H), 

2.61 (spt, J = 6.9 Hz, 1H), 1.11 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 175.21 (CO), 162.57 

(CF, d, JCF = 240.7 Hz), 162.53 (C), 149.98 (C), 142.84 (C, d, JCF = 11.3 Hz), 138.99 (C), 130.56 (CH, d, JCF 

= 9.7 Hz), 129.24 (C), 126.01 (CH), 119.13 (CH), 112.69 (CH, d, JCF = 2.6 Hz), 107.35 (CH, d, JCF = 21.2 

Hz), 103.41 (CH, d, JCF = 27.0 Hz), 102.20 (CH), 34.95 (CH), 19.54 (CH3). MS (ESI) m/z calcd. for 

C19H18FN3OS 355.4; found 356.3 [M+H]+. UPLC purity 97 %, tR = 2.04 min. QC analysis: tR = 4.85 min, 

purity (UV at 215 nm) 99 %. 

 

Synthesis of N-[4-[2-(3-fluoroanilino)thiazol-4-yl]phenyl]cyclopropanecarboxamide (13) 

 

Title compound was prepared according to general procedure 3 (GP3) using 24 (53 mg, 0.19 mmol) 

and cyclopropanecarbonyl chloride (0.019 ml, 0.21 mmol). Flash column chromatography purification 

(Biotage Isolera instrument, 24 g silica cartridge, Solvent A: Hexane; Solvent B: Ethyl acetate; 

Detection: 254nm; Gradient: 20 % to 60% of solvent B) and final crystalization in hexane/ Ethyl acetate 

(9/1) yielded title compound (yield 71 %). 1H NMR (500 MHz, DMSO-d6) δ 10.50 (s, 1H), 10.30 (s, 1H), 
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7.86 – 7.81 (m, 2H), 7.77 (dt, J = 12.2, 1.9 Hz, 1H), 7.70 – 7.62 (m, 2H), 7.45 – 7.32 (m, 2H), 7.27 (s, 1H), 

6.86 – 6.66 (m, 1H), 1.80 (tt, J = 7.5, 5.0 Hz, 1H), 1.08 – 0.43 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 

171.62 (CO), 162.58 (CF, d, JCF = 240.7 Hz), 162.54 (C), 149.99 (C), 142.84 (C, d, JCF = 11.4 Hz), 138.90 

(C), 130.57 (CH, d, JCF= 9.9 Hz), 129.23 (C), 126.09 (CH), 119.00 (CH), 112.70 (CH, d, JCF = 2.2 Hz), 107.35 

(CH, d, JCF = 21.3 Hz), 103.42 (CH, d, JCF = 26.7 Hz), 102.21 (CH), 14.60 (CH), 7.24 (CH2). MS (ESI) m/z 

calcd. for C18H16FN3OS 353.4; found 354.3 [M+H]+. UPLC purity 98 %, tR = 1.98 min. QC analysis: tR = 

4.71 min, purity (UV at 215 nm) 98 %. 

 

Synthesis of N-(4-(2-(o-tolylamino)thiazol-4-yl)phenyl)acetamide (14)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and 1-(2-methylphenyl)-2-thiourea (49 mg, 0.29 mmol), yield 87 %. 1H 

NMR (500 MHz, DMSO-d6) δ 10.00 (s, 1H), 9.31 (s, 1H), 7.97 (d, J = 7.1 Hz, 1H), 7.77 (dd, J = 8.6, 2.3 Hz, 

2H), 7.60 (dd, J = 8.7, 2.3 Hz, 2H), 7.22 (d, J = 7.3 Hz, 2H), 7.12 (s, 1H), 7.01 (t, J = 7.5 Hz, 1H), 2.28 (s, 

3H), 2.04 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.7 (CO), 165.8 (C), 150.2 (C), 139.9 (C), 139.1 (C), 

131.1 (CH), 130.1 (C), 129.3 (C), 127.0 (CH), 126.5 (CH), 123.8 (CH), 121.5 (CH), 119.4 (CH), 102.0 (CH), 

24.5 (CH3), 18.6 (CH3). MS (ESI) m/z calcd. for C18H17N3OS 323.1; found 324.4 [M+H]+. UPLC purity 98 

%, tR = 1.72 min. UPLC purity, 99 %, tR = 1.76 min. QC analysis: tR = 4.31 min, purity (UV at 215 nm) 

≥99.5 %. 

 

Synthesis of N-(4-(2-(m-tolylamino)thiazol-4-yl)phenyl)acetamide (15)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (80 mg, 0.33 mmol) and 1-(3-methylphenyl)-2-thiourea (60 mg, 0.36 mmol), yield 27 %. 1H 

NMR (500 MHz, DMSO-d6) δ 1H NMR (500 MHz, DMSO-d6) δ 10.16 (s, 1H), 10.02 (s, 1H), 7.83 (d, J = 

8.7 Hz, 2H), 7.63 (d, J = 8.7 Hz, 2H), 7.57 (dd, J = 8.0, 2.2 Hz, 1H), 7.45 (s, 1H), 7.22 (t, J = 7.8 Hz, 1H), 

7.19 (s, 1H), 6.78 (d, J = 7.5 Hz, 1H), 2.31 (s, 3H), 2.05 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.7 

(CO), 163.5 (C), 150.4 (C), 141.7 (C), 139.2 (C), 138.6 (C), 129.9 (C), 129.4 (CH), 126.5 (CH), 122.4 (CH), 

119.4 (CH), 117.8 (CH), 114.5 (CH), 101.9 (CH), 24.5 (CH3), 21.9 (CH3). MS (ESI) m/z calcd. for C18H17N3OS 
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323.1; found 324.3 [M+H]+. UPLC purity 97 %, tR = 1.83 min. QC analysis: tR = 4.40 min, purity (UV at 

215 nm) 95 %. 

 

Synthesis of N-[4-[2-(4-methylanilino)thiazol-4-yl]phenyl]acetamide (16) 

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and 1-(4-methylphenyl)-2-thiourea (49 mg, 0.29 mmol), yield 84 %. 1H 

NMR (500 MHz, DMSO-d6) δ 10.13 (s, 1H), 10.02 (s, 1H), 7.83 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 7.7 Hz, 2H), 

7.59 (d, J = 7.4 Hz, 2H), 7.24 – 7.01 (m, 3H), 2.26 (s, 3H), 2.06 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 

168.71 (CO), 163.67 (C), 150.35 (C), 139.29 (C), 139.18 (C), 130.46 (C), 129.96 (C), 129.86 (CH), 126.51 

(CH), 119.38 (CH), 117.44 (CH), 101.58 (CH), 24.51 (CH3), 20.85 (CH3). MS (ESI) m/z calcd. for 

C18H17N3OS 323.1; found 324.3 [M+H]+. UPLC purity 99 %, tR = 1.80 min. QC analysis: tR = 4.42 min, 

purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-(4-(2-((2-(trifluoromethyl)phenyl)amino)thiazol-4-yl)phenyl)acetamide (17)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and 1-(2-(trifluoromethyl)phenyl)-2-thiourea (49 mg, 0.29 mmol), yield 

39 %. 1H NMR (500 MHz, DMSO-d6) δ 10.00 (s, 1H), 9.48 (s, 1H), 8.12 (d, J = 8.1 Hz, 1H), 7.76 – 7.64 (m, 

4H), 7.58 (d, J = 8.7 Hz, 2H), 7.32 (t, J = 7.8 Hz, 1H), 7.19 (s, 1H), 2.04 (s, 3H). 13C NMR (125 MHz, DMSO-

d6) δ 168.7 (CO), 139.2 (C), 133.9 (CH), 127.0 (CH), 126.5 (CH), 126.52 (CH, q, JCF = 5.0 Hz), 125.4 (C), 

124.7 (CH), 120.93 (C, q, JCF = 29.5 Hz), 119.3 (CH), 103.5 (CH), 24.5 (CH3). UPLC-MS (ESI) m/z calcd. for 

C18H14F3N3OS , 377.1; found, 378.3 [M+H]+. UPLC purity, 99 %, tR = 1.90 min. QC analysis: tR = 4.61 min, 

purity (UV at 215 nm) ≥99.5 %.
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Synthesis of N-(4-(2-((3-(trifluoromethyl)phenyl)amino)thiazol-4-yl)phenyl)acetamide (18)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and 1-(2-(trifluoromethyl)phenyl)-2-thiourea (49 mg, 0.29 mmol), yield 

74 %. 1H NMR (500 MHz, DMSO-d6) δ 10.64 (s, 1H), 10.03 (s, 1H), 8.33 (bs, 1H), 7.90 – 7.86 (m, 1H), 

7.83 (d, J = 8.7 Hz, 2H), 7.64 (d, J = 8.7 Hz, 2H), 7.57 (t, J = 8.0 Hz, 1H), 7.30 (bs, 1H), 7.28 (s, 1H), 2.06 

(s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.8 (CO), 162.9 (C), 150.3 (C), 142.2 (C), 139.4 (C), 130.7 

(CH), 129.7 (C), 126.5 (CH), 123.7 (C), 120.7 (CH), 119.4 (CH), 117.7 (CH), 113.1 (CH), 102.9 (CH), 24.5 

(CH3). MS (ESI) m/z calcd. for C18H14F3N3OS 377.1; found 378.3 [M+H]+. UPLC purity 98 %, tR = 1.95 min. 

QC analysis: tR = 4.68 min, purity (UV at 215 nm) 98 %. 

 

Synthesis of N-[4-[2-[4-(trifluoromethyl)anilino]thiazol-4-yl]phenyl]acetamide (19)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (65 mg, 0.27 mmol) and 1-(4-(trifluoromethyl)phenyl)-2-thiourea (65 mg, 0.29 mmol), yield 

63 %. 1H NMR (500 MHz, DMSO-d6) δ 10.69 (s, 1H), 10.04 (s, 1H), 7.93 (d, J = 8.4 Hz, 2H), 7.87 (d, J = 

8.0 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.32 (s, 1H), 2.06 (s, 3H). 13C NMR (126 

MHz, DMSO-d6) δ 168.30 (CO), 162.21 (C), 150.04 (C), 144.42 (C), 138.93 (C), 129.19 (C), 126.38 (C, q, 

JCF = 3.3 Hz), 126.19 (CH), 118.94 (CH), 116.49 (CH), 102.72 (CH), 24.07 (CH3). MS (ESI) m/z calcd. for 

C18H14F3N3OS 377.1; found 378.3 [M+H]+. UPLC purity 99 %, tR = 1.96 min. QC analysis: tR = 4.73 min, 

purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-(4-(2-((3-chlorophenyl)amino)thiazol-4-yl)phenyl)acetamide (20)  

 

Title compound was prepared according to general procedure 2 (GP2) using 4-acetamidophenacyl 

bromide (90 mg, 0.35 mmol) and N-(3-chlorophenyl)thiourea (73 mg, 0.39 mmol), yield 76 %. 1H NMR 

(500 MHz, DMSO-d6) δ 10.46 (s, 1H), 10.02 (s, 1H), 7.93 (t, J = 2.1 Hz, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.64 
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(d, J = 8.7 Hz, 2H), 7.62 – 7.56 (m, 1H), 7.36 (t, J = 8.1 Hz, 1H), 7.27 (s, 1H), 7.01 – 6.98 (m, 1H), 2.06 (s, 

3H). 13C NMR (125 MHz, DMSO-d6) δ 168.8 (CO), 162.9 (C), 150.4 (C), 143.0 (C), 139.4 (C), 133.8 (C), 

131.1 (C), 129.7 (CH), 126.5 (CH), 121.1 (CH), 119.4 (CH), 116.6 (CH), 115.7 (CH), 102.8 (CH), 24.5 (CH3). 

UPLC-MS (ESI) m/z calcd. for C17H14ClN3OS, 343.1; found, 344.2 [M+H]+. UPLC purity 99 %, tR = 1.90 

min. QC analysis: tR = 4.53 min, purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-(4-(2-((3-hydroxyphenyl)amino)thiazol-4-yl)phenyl)acetamide (21)  

 

Title compound was prepared according to general procedure 2 (GP2) 4-acetamidophenacyl bromide 

(65 mg, 0.27 mmol) and N-(3-hydroxyphenyl)thiourea (49 mg, 0.29 mmol), yield 88 %. 1H NMR (500 

MHz, DMSO-d6) δ 1H NMR (500 MHz, DMSO-d6) δ 10.10 (s, 1H), 10.01 (s, 1H), 9.43 – 9.39 (m, 1H), 7.86 

(d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.7 Hz, 2H), 7.35 (t, J = 2.2 Hz, 1H), 7.18 (s, 1H), 7.09 (t, J = 8.0 Hz, 1H), 

7.04 – 6.97 (m, 1H), 6.40 – 6.34 (m, 1H), 2.05 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.7 (CO), 163.4 

(C), 158.4 (C), 150.4 (C), 142.7 (C), 139.2 (C), 130.0 (CH), 129.5 (C), 126.6 (CH), 119.4 (CH), 108.9 (CH), 

108.3 (CH), 104.5 (CH), 101.8 (CH), 24.5 (CH3). MS (ESI) m/z calcd. for C17H15N3OS 325.1; found 326.2 

[M+H]+. UPLC purity 99 %, tR = 1.33 min. QC analysis: tR = 3.22 min, purity (UV at 215 nm) ≥99.5 %. 

 

Synthesis of N-(4-(2-((3-methoxyphenyl)amino)thiazol-4-yl)phenyl)acetamide (22)  

 

Title compound was prepared according to general procedure 2 (GP2) 4-acetamidophenacyl bromide 

(64 mg, 0.26 mmol) and N-(3-methoxyphenyl)thiourea (52 mg, 0.29 mmol), yield: 84 %. 1H NMR (500 

MHz, DMSO-d6) δ 10.24 (s, 1H), 10.01 (s, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.7 Hz, 2H), 7.52 (t, J 

= 2.3 Hz, 1H), 7.27 – 7.20 (m, 2H), 7.15 (dd, J = 8.2, 2.1Hz, 1H), 6.54 (dd, J = 8.1, 2.5 Hz, 1H), 3.78 (s, 

3H), 2.05 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 168.7 (CO), 163.4 (C), 160.3 (C), 150.4 (C), 142.8 (C), 

139.3 (C), 130.2 (C), 129.9 (CH), 126.5 (CH), 119.4 (CH), 109.8 (CH), 107.1 (CH), 103.1 (CH), 102.1 (CH), 

55.4 (OCH3), 24.5 (CH3). MS (ESI) m/z calcd. for C18H17N3O2S 339.1; found 340.3 [M+H]+. UPLC purity, 

98 %, tR = 1.67 min. QC analysis: tR = 4.05 min, purity (UV at 215 nm) ≥99.5 %. 
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Abbreviation list 

ACN: acetonitrile; d: doublet; DCM: dichloromethane; EtOAc: ethylacetate; dd: doublet of doublets; 

DIPEA: diisopropylethylamine; DMSO-d6: deuterated dimethyl sulfoxide; m: multiplet; MeOH: 

methanol; MS: mass spectrometry; NMR: nuclear magnetic resonance; q: quartet; s: singlet; spt: 

septet; t: triplet; td: triplet of doublets; tR: retention time; UPLC: ultra-performance liquid 

chromatography 

 

II. Docking and molecular mechanics with generalized Born and surface area solvation (MM/GBSA) 

calculations 

All computational studies were based on the crystallographic structure of fragment F04 in complex 

with T2R-TTL (PDB ID 5S4O). Specifically, the model system was generated starting from chains B (β-

tubulin) and C (α-tubulin) of T2R-TTL along with their waters and co-factors, and prepared using the 

Protein Preparation Wizard (Sastry et al., 2013) of the Schrödinger Suite 2018-4. After removing all 

water molecules located further away than 5 Å from any co-factor, and in order to optimize the overall 

H-bonding network, missing hydrogens were added and protein residues protonation states were 

determined according to PROPKA pKa predictions (Sastry et al., 2013). A restrained minimization was 

then performed to relax the system according to the OPLS3e force field (Harder et al., 2016). Finally, 

all water and GTP and GDP molecules were removed as well as Mg2+ ions. Ligands were prepared with 

the Schrödinger LigPrep tool and their tautomeric and protonation states were evaluated using Epik 

(Greenwood et al., 2010) with a target pH of 7.0 ±1. Docking studies were performed by means of the 

Glide Software (Friesner et al., 2004). The receptor grid was centered on fragment F04 and default 

values were used for Van der Waals radii and electrostatic scaling factors. The protein was treated as 

rigid body and the ligands as flexible molecules. Binding modes were predicted and ranked according 

to the Glide SP scoring function. Additionally, a hydrogen-bond constraint was imposed on Q256 based 

on the initial crystallographic structure. The resulting binding poses were then re-ranked via Prime 

MM-GBSA free energy calculations (Jacobson et al., 2002) using the VSGB solvation model and the 

OPLS3e force field. In order to evaluate protein flexibility, all residues around 6.0 Å of ligand atoms 

were minimized.  
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III. Protein preparation, crystallography, and structure refinement 

Protein purification and T2R-TTL complex formation was performed as previously described (Prota et 

al., 2013a; Prota et al., 2013b). To produce T2R-TTL complex crystals, 2 μL drops at a 1:1 

protein:reservoir ratio were set up in hanging drop vapor-diffusion VDX plates (Hampton Research) 

with siliconized cover slips at 20°C in a precipitant solution consisting of 2% PEG 4K, 4% glycerol, 30 

mM MgCl2, 30 mM CaCl2, 100 mM MES/imidazole, pH 6.5, 5 mM L-tyrosine.  

Compounds were soaked in drops containing crystals at a final concentration of 5 mM for 1, 6, or 24 

h. The crystals were then transferred in two steps to precipitant solution containing 10% PEG 4K, 16% 

glycerol and 10% PEG 4K, 20% glycerol for cryo protection and were subsequently cryo cooled in liquid 

nitrogen. Native data sets were collected at 100 K at beamline PXIII at the Swiss Light Source (Paul 

Scherrer Institut, Switzerland). Data were processed using XDS (Kabsch, 2010).  

Structures were determined by the difference Fourier method using the phases of the T2R-TTL complex 

(PDB ID 5LXT) in the absence of ligands and solvent molecules as a starting point for refinement. The 

models were first fitted by several cycles of rigid body refinement followed by restrained refinement 

in Phenix (Adams et al., 2010). Ligands were built with Coot’s Lidia, the restraints were optimized using 

Moloc (Gerber and Muller, 1995) and the resulting models were further improved using Coot (Emsley 

and Cowtan, 2004). MolProbity was used to assess the quality of the structures (Davis et al., 2004). 

Chains in the T2R-TTL complex were defined as follows: chain A, α1-tubulin; chain B, β1-tubulin; chain 

C, α2-tubulin; chain D, β2-tubulin; chain E, RB3; chain F, TTL.  

Structure visualization, molecular editing, and figure preparation were performed with the PyMOL 

molecular graphics system (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC). 

The surface representations shown in Figures 3 and S6 were generated with the color_h script for 

PyMOL (Eisenberg et al., 1984).  

 

IV. Cytotoxicity assay 

HeLa cells were grown in DMEM high glucose medium (BioConcept) with 10% (v/v) fetal bovine serum 

(Gibco; Thermo Fisher Scientific) and maintained at 37 °C in a humidified atmosphere with 5% CO2. To 

determine the IC50 values of compounds, 5’000 HeLa cells per well were seeded in Corning Costar 3603 

plates and grown for 48 h. Subsequently, the medium was exchanged and an eight point dilution series 

of compound was added in triplicate for the IC50 measurements (final DMSO concentration of 1%). For 

probing the synergy of Todalam with vinblastine, a twelve point dilution series was measured in 

triplicates, non-lethal doses of Todalam and vinblastine were determined (plateau area of the curves), 
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and in a subsequent run added as a constant dose to the twelve point dilution series. After 72 hours 

incubation with compounds, resazurin (Sigma) was added to a final concentration of 20 μM and 

incubated for 2 h. The fluorescence of reduced resazurin was measured on a PHERAstar FSX 

instrument (BMG Labtech) with a mCherry filter module (ex 575/ em 620). The data were normalized 

and fitted with the “log(inhibitor) versus normalized response” function in GraphPad Prism 8.3.1 

(GraphPad Software). In addition, the data obtained with Todalam and vinblastine applied together 

were first analyzed by a t-test for their statistical significance and then by an isobologram (Huang et 

al., 2019) using GraphPad Prism 8.3.1. 

 

V. Tubulin polymerization assay 

Lyophilized tubulin (purchased from the Centro de Investigaciones Biológicas (CSIC), Madrid, Spain) 

was dissolved on ice in tubulin polymerization buffer (50 mM MES-KOH, pH 6.8, supplemented with 6 

mM MgCl2, 0.5 mM EGTA, 0.4 mM GTP, and 33% glycerol) and centrifuged at 50’000 rpm at 4° C for 

15 minutes to remove aggregates using a Optima MAX-XP ultracentrifuge equipped with a TLA120.1 

rotor (Beckman Coulter). Subsequently, the tubulin solution was incubated at 37° C for 30 minutes, 

and the sample was centrifuged at 70’000 rpm and 37° C for 20 minutes. The supernatant was 

discarded and the microtubule-containing pellet resuspended in 2xBRB80 buffer (160 mM PIPES-KOH, 

pH 6.8, supplemented with 2 mM MgCl2 and 2 mM EGTA,). The depolymerized tubulin was diluted to 

a concentration of 30 μM and a dilution series of Todalam from 12.5 μM to 1000 μM, 0.5% DMSO as 

a negative control, or 10 μM of colchicine, taxane, and vinblastine as positive controls was added (0.5% 

final DMSO concentration). Subsequently, tubulin polymerization was induced by adding 0.4 mM GTP 

and 33% glycerol. The tubulin-compound mixture was applied on top of a glycerol cushion (50 mM 

MES-KOH, pH 6.8, supplemented with 45% glycerol) and incubated at 37° C for 30 minutes. The 

incubated tubulin solution was then centrifuged at 70’000 rpm (same centrifuge and rotor as stated 

above) at 37° C for 20 minutes, which lead to microtubule pelleting while the unpolymerized tubulin 

remained in the supernatant. The pellet and supernatant were analyzed on a Coomassie-stained 12% 

SDS-PAGE. 

 

VI. Negative staining transmission electron microscopy 

Lyophilized tubulin was dissolved on ice in BRB80 buffer (80 mM PIPES-KOH, pH 6.8, supplemented 

with 1 mM MgCl2 and 1 mM EGTA) and centrifuged at 50’000 rpm at 4° C for 15 min using an Optima 

MAX-XP ultracentrifuge with a TLA120.1 rotor (Beckman Coulter) to remove aggregates. Tubulin was 

diluted to 20 μM, Todalam was added to a final concentration of 150 μM, and vinblastine to a final 
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concentration of 10 μM as a control (0.1% final DMSO concentration). Subsequently, the tubulin-

compound mixtures were incubated at 20° C for 20 minutes. 3.5 µl of sample was applied to a glow 

discharged, carbon coated 400-mesh copper grid. After 1 min, the liquid was blotted off with blotting 

paper and the grid was immediately washed twice with 3.5 µl BRB80 buffer and once with a 3.5 µl of 

2% uranyl acetate solution. Then, an additional 3.5 µl of the 2% uranyl acetate solution was added and 

after 30 seconds, the grid was blotted and dried in the air. Data were collected on a Talos transmission 

electron microscope (Thermo Fisher Scientific) operated at 200 keV equipped with a field emission 

gun and a Ceta 16M Pixel CMOS camera (4’096 × 4’096, 14 μm pixel; Thermo Fisher Scientific). 

Micrographs were recorded at a magnification of 86’960x, corresponding to a calibrated pixel size of 

1.61 Å. 

 

VII. Cell culture, drug treatment, and immunostaining   

Cells were grown in DMEM high glucose medium (BioConcept) supplemented with 10% (v/v) FBS 

(Gibco; Thermo Fisher Scientific) and 1% (v/v) penicillin−streptomycin (Gibco; Thermo Fisher 

Scientific) and maintained at 37 °C in a humidified atmosphere with 5% CO2. For compound treatment 

experiments, 25’000 HMF3a cells were seeded on each fibronectin-coated µ-Dish 35 mm (ibidi) and 

grown overnight before adding a compound. Cells were treated with 20 μM Todalam (0.5% final DMSO 

concentration) or 0.5% DMSO as a negative control and 10 μM vinblastine as a positive control. After 

4 hours of incubation cells were fixed with 4% paraformaldehyde (Sigma) in PBS buffer (pH 7.4) for 20 

minutes, followed by washing with PBS (5 minutes, three times). For Todalam wash out experiments, 

after 4 hours of compound treatment, cells were washed twice with fresh culture media and allowed 

to grow for 16 hours followed by fixation with 4% paraformaldehyde. After fixation, cells were 

permeabilized using 0.5% Triton (Sigma-Aldrich) in PBS for 15 minutes. The fixed cells were blocked in 

blocking buffer (2% (m/v) bovine serum albumin and 0.2% (v/v) Triton in PBS) for 2 hours. Cells were 

incubated with a mouse monoclonal anti-α-tubulin antibody (Sigma) (1:1’000) in blocking buffer at 4° 

C overnight. Cells were then washed with PBS (15 minutes, three times) and subsequently stained with 

an Alexa Fluor plus 555 goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific) at room 

temperature for 2 hours. Immediately before imaging, the nuclei were stained with the NucBlue Live 

Ready probe (Molecular Probes; Thermo Fisher Scientific) in PBS for 10 minutes at room temperature. 

Confocal images were acquired using a Nikon A1R microscope using a 100× objective and 1.4 NA oil. 

Confocal images (512 × 512 pixels with pinhole size 1 airy unit) were captured in z depth with a step 

size of 0.5 µm. Images were processed in ImageJ (NIH).  
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VIII. Cell cycle analysis 

Flow cytometric analysis of cell cycle distribution based on DNA content upon drug treatments was 

performed as described previously.(Gwatkin, 1995) HMF3a cells were seeded into 6-well (at 3x105 

cells per well) treated with 20 µM Todalam for 24 hours. For positive and negative control samples, 

cells were treated with 5 µM nocodazole (0.5% final DMSO concentration) or 0.5 % DMSO, 

respectively, for the same amount of time. After the desired time of incubation, cells were collected 

by following trypsin treatment. Cells were rinsed twice with phosphate buffered saline (PBS pH 7.4) 

and collected by centrifugation. Pellets were resuspended in 1 ml ice cold PBS. Cells were fixed by 

slowly adding to a 9 ml cell suspension dropwise 70% ethanol. Fixed cells were then stored at -20 °C. 

Thawed cells were washed two times with ice cold PBS and resuspended in 200 µl of staining solution 

(staining solution: to 10 ml of 0. 1 % (v/v) Triton X-100 (Sigma) in PBS add 2 mg DNAse-free RNAse A 

(Sigma) and 0.40 ml of 500 µg/ml of propidium iodide (Roche). Cells were then incubated for 30 min 

at 20°C. The percentages of cells at different phases of the cell cycle were measured using a flow 

cytometer (Becton Dickinson, NJ) and the cell cycle phase was estimated from histograms using FlowJo 

(v10) (BD Biosciences).  
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Supplementary figures and tables 

 

Figure S1. Chemical structures of the fragments bound to site sID βαII.  

The fragments are reported in ref. [15]. The acetanilide common binding motif is highlighted in blue. 
The names of the fragments used in this study are highlighted in red. 
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Figure S2. Tubulin-binding modes of fragments FO4, F36, and F41 in site sID βαII.  

(A)-(C) Binding modes of fragments F04 (A); PDB ID 5S4O), F36 (B); PDB ID 5S5K), and F41 (C); PDB ID 
5S5P). The α- and β-tubulin monomers are shown in grey and white ribbon representation, 
respectively. Interacting residues are shown in stick representations and are labeled in black. 
Secondary structure elements are labeled in blue and hydrogen bonds are indicated with black dashed 
lines. The fragments are shown in stick representation. Carbon atoms are colored in green for F04, in 
orange for fragment F36, and in light blue for fragment F41. Nitrogen atoms are colored in blue, 
oxygen atoms in red, sulfur atoms in yellow, and fluorine atoms in light green. 
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Figure S3. Binding of fragment F04 to site sID βIII.  

(A) Binding of F04 to site sID βαII (Todalam site) and site sID βIII of the T2R-TTL complex (PDB ID 5S4O). 
For simplicity, the RB3 and TTL chains are not shown. F04 is shown in green sphere representation; 
the α- and β-tubulin monomers are shown in grey and white ribbon representations, respectively. (B) 
Binding mode of F04 in site sID βIII as seen in the crystal structure of the tubulin-F04 complex (PDB ID 
5S4O). β-Tubulin is shown in white ribbon representation. Residues forming the binding site are shown 
in stick representation and are labeled in black; secondary structure elements are labeled in blue. 
Carbon atoms are colored in green, nitrogen atoms in blue, oxygen atoms in red, and sulfur atoms in 
yellow. Hydrogen bonds are shown as dashed black lines. (C) and (D) Electron-density maps of site sID 
βIII of the tubulin-F04 (panel C, PDB ID 5S4O) and tubulin-4 (D) complex structures. For both maps, 
the SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc (light green mesh) omit maps are 
contoured at +1.0 σ and +3.0 σ, respectively. 
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Figure S4. IC50 dose-response curves of cellular cytotoxicity assays.  

All curves were measured in triplicates using HeLa cells.  
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Figure S5. Electron densities of compounds bound to the Todalam site.  

(A)-(E) Electron-density maps of the compounds. The SigmaA-weighted 2mFo-DFc (dark blue mesh) 
and mFo-DFc (light green mesh) omit maps are contoured at +1.0 σ and +3.0 σ, respectively. (A) 
Compound 4, (B) Compound 8, (C) Compound 9, (D) Compound 10. (E) Todalam.  
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Figure S6. Close-up of the hydrophobic cavity occupied by the benzene moiety of compound 4 and 
its fluorinated derivatives. 

(A), (C), (E), (G) Close up views of the benzene group of the derivatives discussed in Figure 2. The 
α-tubulin monomer is in grey ribbon representation with the interacting residues shown in stick 
representation and labelled in black.(B), (D), (F), (H) The surface of the fluorinated benzene binding 
pocket is shown with a gradient from red for hydrophobic to white for hydrophilic environment.  
(A) and (B) 4; (C) and (D) 10; (E) and (F) 9; (G) and (H) 8.   
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Figure S7. Activity of Todalam in vitro and in cells.  

(A) Triplicate SDS-PAGE showing supernatant (S) and pellet (P) fractions of tubulin polymerization 
assays in the presence of the indicated increasing amounts of Todalam or the controls colchicine (Col), 
paclitaxel (Tax), and vinblastine (Vin). Tubulin concentration, 30 μM; control compound 
concentration, 10 μM. (B) Negative staining electron micrographs of tubulin incubated with 10 μM 
vinblastine. Scale bar, 50 nm. (C) Immunostaining of HMF3a cells that were treated with 10 μM 
vinblastine for 4 hours. Microtubules are stained with an anti α-tubulin antibody and shown in red; 
the cell nuclei are stained with DAPI (4′,6-diamidin-2-phenylindole) and shown in blue. Scale bar, 20 
μm. (D) Cell cycle stage distribution of compound treated HMF3a cells. HMF3a cells were incubated 
with 20 μM Todalam, 5 μM nocodazole, or 0.5% DMSO (control) for 24 hours. Flow cytometric analysis 
of propidium iodide-stained cells was used to determine cell cycle distributions (G1, S, and G2/M) 
based on the DNA content. 
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Figure S8. Todalam-vinblastine synergy. (A) Co-crystal structure of Todalam (brown) and vinblastine 
(pink) bound to tubulin. The α- and β-tubulin monomers from two different tubulin dimers are shown 
in grey and white ribbon representation, respectively. Left panel: overview of Todalam and vinblastine 
in sphere representation at the βTub1-αTub2 interdimer interface. Right panel: Electron-density maps 
of the compounds. The SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc (light green mesh) 
omit maps are contoured at +1.0 σ and +3.0 σ, respectively. (B) IC50 dose-response curves for cellular 
cytotoxicity of Todalam and vinblastine using HeLa cells. The vertical dotted lines show the non-lethal 
doses chosen for the combination experiments shown in panel (C). (C) IC50 dose-response curves for 
HeLa based cellular cytotoxicity assays for the combination treatment of Todalam and vinblastine. The 
constant concentration of the non-lethal dosed compound is indicated in the upper right corner of the 
graph whereas the titrated species is kept the same as in panel B. (D) Isobologram resulting from the 
combination treatment shown in panel C. The diagonal line shows the expected result if no synergy 
would take place.  
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Table S1. Data collection and refinement statistics. 
 T2R-TTL-4 T2R-TTL-10 
Data collection   

Wavelength 1.00003 1.00003 
Space group P 21 21 21 P 21 21 21 
Unit cell dimensions 
   a, b, c (Å) 

104.7 157.7 180.2 104.3 156.7 180.5 

Resolution range (Å) 47.88 - 2.202 (2.281 - 2.202) 49.47 - 2.302 (2.384 - 2.302) 
Total reflections 2060923 (206444) 1761310 (158930) 
Unique reflections 150884 (14859) 131240 (12925) 
Multiplicity 13.7 (13.9) 13.4 (12.3) 
Completeness (%) 99.90 (99.29) 99.93 (99.58) 
Mean I/sigma(I) 13.29 (0.95) 12.06 (0.67) 
Wilson B-factor 45.24 49.31 
Rmerge 0.1727 (2.787) 0.2282 (3.514) 
Rmeas 0.1794 (2.892) 0.2371 (3.663) 
Rpim 0.04808 (0.765) 0.06404 (1.021) 
CC1/2 0.998 (0.367) 0.997 (0.239) 
CC* 1 (0.733) 0.999 (0.621) 

   

Refinement   

Reflections used in refinement 150858 (14860) 131228 (12925) 
Reflections used for R-free 7543 (743) 6560 (646) 
R-work 0.1950 (0.3522) 0.2005 (0.3677) 
R-free 0.2247 (0.3535) 0.2366 (0.3859) 
CC(work) 0.958 (0.637) 0.963 (0.531) 
CC(free) 0.927 (0.646) 0.942 (0.490) 
Number of non-hydrogen atoms 18179 17910 
  macromolecules 17364 17310 
  ligands 138 139 
  solvent 677 461 
Protein residues 2185 2179 
RMS(bonds) 0.003 0.003 
RMS(angles) 0.57 0.56 
   
Ramachandran statistics   
  Favored regions (%) 98.01 97.63 
  Allowed (%) 1.99 2.37 
  Outliers (%) 0.00 0.00 
Rotamer outliers (%) 0.32 0.32 
Clashscore 2.26 3.14 
Average B-factor 60.63 65.00 
  macromolecules 61.00 65.34 
  ligands 55.82 59.45 
  solvent 53.15 55.36 
Number of TLS groups 24 24 

Statistics for the highest-resolution shell are shown in parentheses.  
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 T2R-TTL-9 T2R-TTL-8 
Data collection   

Wavelength 1.00003 1.00003 
Space group P 21 21 21 P 21 21 21 
Unit cell dimensions 
   a, b, c (Å) 

104.8 157.7 180.5 104.6 157.3 180.7 

Resolution range (Å) 49.55 - 2.31 (2.393 - 2.31) 49.62 - 2.501 (2.591 - 2.501) 
Total reflections 1803660 (184648) 1401970 (136133) 
Unique reflections 131408 (12999) 103415 (10202) 
Multiplicity 13.7 (14.2) 13.6 (13.3) 
Completeness (%) 99.97 (99.99) 99.93 (99.57) 
Mean I/sigma(I) 12.00 (1.47) 10.39 (0.82) 
Wilson B-factor 41.38 52.62 
Rmerge 0.19 (1.774) 0.2779 (3.043) 
Rmeas 0.1973 (1.839) 0.2887 (3.163) 
Rpim 0.05287 (0.4835) 0.07792 (0.8562) 
CC1/2 0.997 (0.624) 0.996 (0.302) 
CC* 0.999 (0.877) 0.999 (0.681) 

   

Refinement   

Reflections used in refinement 131388 (12998) 103406 (10202) 
Reflections used for R-free 6571 (650) 5169 (510) 
R-work 0.1877 (0.2871) 0.1986 (0.3431) 
R-free 0.2199 (0.3291) 0.2302 (0.3581) 
CC(work) 0.960 (0.808) 0.963 (0.588) 
CC(free) 0.952 (0.719) 0.940 (0.553) 
Number of non-hydrogen atoms 18255 17802 
  macromolecules 17372 17335 
  ligands 139 139 
  solvent 744 328 
Protein residues 2187 2182 
RMS(bonds) 0.003 0.003 
RMS(angles) 0.57 0.56 
   
Ramachandran statistics   
  Favored regions (%) 97.87 97.31 
  Allowed (%) 2.13 2.69 
  Outliers (%) 0.00 0.00 
Rotamer outliers (%) 0.21 0.32 
Clashscore 2.99 3.60 
Average B-factor 55.01 67.27 
  macromolecules 55.37 67.60 
  ligands 49.22 62.06 
  solvent 48.62 54.19 
Number of TLS groups 33 24 

Statistics for the highest-resolution shell are shown in parentheses.  
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 T2R-TTL-Todalam T2R-TTL-Todalam-
Vinblastine 

Data collection   

Wavelength 1.00000 1.00000 
Space group P 21 21 21 P 21 21 21 
Unit cell dimensions 
   a, b, c (Å) 

105.1 158.3 180.0 105.3 157.3 182.5 

Resolution range (Å) 45.62 - 2.1 (2.175 - 2.1) 45.46 - 2.0 (2.071 - 2.0) 
Total reflections 2366451 (234780) 924124 (88216) 
Unique reflections 174968 (17278) 200578 (19472) 
Multiplicity 13.5 (13.6) 4.6 (4.5) 
Completeness (%) 99.97 (99.99) 98.24 (96.14) 
Mean I/sigma(I) 25.42 (2.29) 11.60 (1.02) 
Wilson B-factor 41.16 40.49 
Rmerge 0.07452 (1.146) 0.07222 (1.274) 
Rmeas 0.07746 (1.191) 0.08104 (1.437) 
Rpim 0.021 (0.3215) 0.03566 (0.6473) 
CC1/2 1 (0.798) 0.998 (0.386) 
CC* 1 (0.942) 1 (0.746) 

   

Refinement   

Reflections used in refinement 174948 (17278) 200577 (19449) 
Reflections used for R-free 8748 (863) 10029 (973) 
R-work 0.2017 (0.2967) 0.2038 (0.3352) 
R-free 0.2350 (0.2941) 0.2357 (0.3393) 
CC(work) 0.955 (0.788) 0.955 (0.595) 
CC(free) 0.948 (0.822) 0.953 (0.520) 
Number of non-hydrogen atoms 18445 18556 
  macromolecules 17443 17499 
  ligands 142 201 
  solvent 860 856 
Protein residues 2193 2190 
RMS(bonds) 0.003 0.002 
RMS(angles) 0.58 0.567 
   
Ramachandran statistics   
  Favored regions (%) 98.15 98.06 
  Allowed (%) 1.85 1.94 
  Outliers (%) 0.00 0.00 
Rotamer outliers (%) 0.42 0.74 
Clashscore 2.69 2.87 
Average B-factor 51.46 54.58 
  macromolecules 51.63 54.87 
  ligands 48.66 45.48 
  solvent 49.22 51.55 
Number of TLS groups  24 

Statistics for the highest-resolution shell are shown in parentheses. 
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Table S2. ΔG values obtained by performing MM-GBSA free energy calculations. 

 

Cpd# R1 R2 ΔG 
[kcal/mol] Cpd# R1 R2 ΔG 

[kcal/mol] 

F04 H CH3 -50.19 14 

 

CH3 -68.19 

4 
 

CH3 -68.48 15 
 

CH3 -70.82 

    16 
 

CH3 -58.45 

8 

 

CH3 -72.03 17 

 

CH3 -62.44 

9 CH3 -62.22 18 CH3 -63.04 

10 CH3 -64.59 19 CH3 -29.071 

11 
 

-66.61 20 

 

CH3 -68.34 

12 
 

-62.77 21 CH3 -61.60 

13 
 

-64.84 22 CH3 -63.60 

1 Compound binding mode does not resemble the one of fragment F04, therefore the value is not to 
be compared with the others.  
 

  



225 
 

5. General conclusion and outlook 

A plethora of regulators are known to bind to tubulin and microtubules. These are proteins in the cell 

that modulate microtubule dynamics or use microtubules for exerting cellular functions, as well as 

exogenous small molecule ligands that interfere with microtubule dynamics. For the ligands, six 

binding sites are known in tubulin, which were all found using nature derived ligands. These ligands 

share complex chemical structures that make them expensive to produce. Based on these 

observations, we here investigated two key questions. First, are there additional binding sites present 

in tubulin? And second, is it possible to design a small molecule ligand targeting tubulin? 

To tackle these two questions, we first wanted to assess how many binding sites are present in tubulin. 

Our combined computational and experimental approach revealed 27 binding sites in tubulin, of 

which 18 are not targeted by any known drugs and 11 by neither a drug nor a microtubule associated 

protein (MAP). Furthermore, we found 56 chemically diverse fragments that are able to bind to 10 

different binding sites, of which in turn seven are novel. In addition, we found six distinct common 

motifs in fragments targeting six different binding sites. Together, our combined computational and 

experimental approach to map binding sites in a protein is a powerful tool that can be applied to any 

protein where a robust crystallization system is available. 

After having mapped all binding sites in tubulin, we wanted to show that some of them are indeed 

exploitable for microtubule disrupting ligands. To this end, we selected two fragments as a starting 

point for modifications, one which binds to a known site as a pilot project and a second one binding 

to a novel site. For the pilot project we selected sID βIV, which is part of the colchicine site. Here we 

found a fragment that forms an intricate hydrogen bonding network and bears similarity to the 

colchicine-site ligand nocodazole. Indeed, this fragment already showed moderate activity in the high 

micromolar range without any modifications. In a first step, we probed for the interaction network by 

removing each of the formed hydrogen bonds one by one. This showed that all of them are necessary 

as none of the novel compounds retained activity. Second, we tried to substitute the furan moiety, 

which again lead to a loss in activity. Together, these results show that even a hit from a fragment 

screen can already contain some optimized structural features, where no extended chemical 

campaign is necessary. Lastly, we decided to leave the interaction network established by the original 

fragment unchanged and instead grew it by sequentially adding bigger moieties at its non-essential 

side. This lead to a 45-fold increase in activity compared to the fragment, with our best compound 

showing a sub-micromolar IC50. 
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After successful conclusion of our pilot project we went on to target a novel site. Here we chose sID 

βαII that is located at the longitudinal interface between two tubulin dimers. This site is targeted by 

16 fragments from which five share a common binding motif. After selecting a fragment containing 

this common motif as a starting point we searched for additional fragments bound to sID βαII with a 

binding pose that allows for fragment linking. Indeed, we found two candidates that not only are 

within linking distance but also displace structural water molecules in their tubulin-binding site. Both 

these fragments suggested to attach a phenyl to our starting fragment. Indeed, upon extending our 

starting fragment by a phenyl we obtained a first active compound, while none of the starting 

fragments showed any activity. Through several iterations of modifying this active compound further, 

we ended up with a compound with an 8.8 μM IC50, which we named Todalam. Further 

characterization showed that Todalam indeed inhibits microtubule formation in vitro and in cells. In 

addition, structural analysis led us to propose a novel mechanism of action for Todalam which is 

twofold. First, Todalam acts like a plug hindering helix αH8 from free movement, which locks tubulin 

in its curved, polymerization incompetent form. Second, as the Todalam site is located at the β-α 

tubulin inter-dimer interface, Todalam manages to link free tubulin dimers in an assembly 

incompetent state. This is to the best of our knowledge the first rationally designed compound 

targeting a novel site in tubulin and displaying a novel mode of action.  

Notably, the core of the original fragment has not yet been modified and there is potential to further 

increase the activity of Todalam. First, from the thiazoleamine moiety only the nitrogen atoms form 

an interaction with a glutamine. Replacing one of the nitrogen atoms by an oxygen might be beneficial 

for an improved interaction. In addition, it is worth testing the necessity of the sulfur in the thiazole, 

as it is not involved in any interaction. Next moiety to tackle is the central phenyl ring, which π-stacks 

with a tryptophan. In other fragments containing the common binding motif, this phenyl is replaced 

by pyridine, which suggests that other heteroaromats may replace the phenyl. Furthermore, adding 

an electro negative group such as fluorine to the phenyl could increase its π-stacking ability. Another 

point for a possible improvement is the acetate, which sits in a small hydrophobic cavity that is not 

yet occupied. First trials in this direction have been undertaken, but have not led to any significant 

improvement; however, here we can still get inspiration from the other fragments as some of them 

bind to this cavity. Lastly, the trifluoromethyl-benzene, which is the modification that lead to Todalam, 

could be bi-substituted in the second meta-position as crystal structures suggest sufficient space to 

accommodate two meta-substitutions. This is further underlined as the meta-fluoro and the meta-

trifluoromethyl – both belonging to the most potent compounds – are oriented in the exact opposite 

direction. Finally, it has to be kept in mind that our observations do base on cell viability data and it 
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could prove very interesting to see if cell-based activity correlates with affinity. Therefore, a 

biophysical assay should be developed to further investigate binding to the Todalam site. 

Beyond Todalam, the results from our fragment screen offer several possibilities for additional 

projects. Besides the design of microtubule disrupting agents, ligands that specifically hinder the 

interaction between tubulin and certain MAPs or a probe targeting tubulin in a non-interfering way 

could be envisaged. Especially the possibility to generate innovative probes, whether as fluorescent 

agents or as a PET tracers, is of high interest as all currently available probes interfere with microtubule 

dynamics and thus could have an unwanted effect on the cytoskeleton. In this context, an interesting 

novel site that we found is sID αII that is targeted by three fragments, of which two share a common 

motif. This site is located on the luminal side of microtubules close to the GTP-binding site and is 

neither involved in lateral nor longitudinal tubulin-tubulin contacts. Furthermore, site sID αII 

experiences no structural rearrangements during the curved-to-straight conformational change of 

tubulin. These fragments could thus potentially be developed for two purposes. First, as the site does 

not seem to interfere with microtubule dynamics it might be a good target for a tubulin specific probe 

that does not perturb microtubule dynamics. Second, as it is in close proximity to the GTP-binding site 

in α-tubulin it could be modified in a way to interfere with the activity of the nucleotide, either for 

disrupting microtubule formation or to further study the role of the nonexchangeable and 

nonhydrolysable GTP nucleotide in tubulin. 

Another interesting novel site is sID βV. This site is usually gated by an arginine-glutamate salt bridge 

(βD199 and βR158), which has to be broken up to allow ligand binding. Eight fragments induce this 

structural change, and five out of those share a common binding motif. Targeting this site can be 

interesting, as it is also the site where the motor domain of dynein and the helical PN2-3 domain of 

the centrosomal protein CPAP bind. This holds the potential to develop a tool compound to specifically 

disrupt dynein and CPAP function to further study the physiological roles of these MAPs in cells. For 

the development of another potential tool compound, fragments binding to sID βαI should be 

considered. While the fragments binding to this site do not display a common binding motif, they 

might be useful to interfere with the spindle assembly factor TPX2, the microtubule depolymerase 

kinesin-13, and the R1 and R2 repeats of the microtubule-stabilizing protein tau; all proteins that 

target site sID βαI.  

A different approach to target tubulin is offered by the 15 fragments that bind simultaneously to two 

different sites. If a fragment could be modified in such way that it reaches increased affinity for both 

sites this would offer a powerful means to generate a compound that targets tubulin twice. This could 

be beneficial, as the chance for resistance mutations to arise in two binding sites in parallel is lower 
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than for a single site. Lastly, one should also look at the fragments targeting the already known tubulin 

drug sites. For example, the vinca site is targeted by 22 fragments of which seven contain a common 

binding motif. This would offer the possibility to develop a simple chemical compound with an already 

well-established molecular mechanism of action. 

In conclusion, our findings provide an excellent basis for future developments in the field of anti-

tubulin ligands as several of the novel sites and fragments that we discovered show promising and 

exploitable features. To this end we chose a known and an unknown binding site to develop novel 

lead-like compounds. Indeed, we were successful for both sites in vastly improving activity and for the 

unknown binding site, now called Todalam site, we are even able to define a novel mechanism of 

action. These two projects show that our combined computational and structure-based fragment 

screening approach is not only a powerful tool to find novel binding sites, but also is a viable starting 

point for drug development campaigns. Furthermore, our study shows that a structure-based 

approach using the hits from our fragment screen can indeed lead to an active compound even for a 

novel site. 
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A1. Summary of the appendix 

Besides the main work of mapping the binding sites in tubulin and developing small molecule ligands 

targeting tubulin presented in this thesis, I was also involved in several other project to apply my 

learned skills and further improve them. This lead to seven additional publications, of which the ones 

where I am first or second author are presented here in the appendix. 

The first chapter is a methodology book chapter summarizing all the possibilities we have at hand to 

obtain high-resolution crystal structures of tubulin-ligand complexes. Over the years, many crystal 

systems to elucidate tubulin structures were introduced and with the growing set of tools at hand the 

little tricks to push the limits of each system increased as well. As members of our group solved many 

tubulin structures over the years, we were well suited to write this method chapter, especially since 

the probably greatest value of such a chapter lies in its notes. In the notes, we assembled all the tricks 

and tips floating around in our group that usually would not make it into the material and method 

section of a publication. This does not only preserve the knowledge in our group but may also help 

other people interested in tubulin crystallization. 

In the second chapter, we solved the crystal structure of the tubulin-cyclostreptin complex. 

Cyclostreptin is a covalent taxane site binder with comparably weak tubulin stabilizing properties. 

Previous data suggested for cyclostreptin to transiently bind to a so called pore site while entering the 

lumen of the microtubule. Furthermore, three possible mechanism for the covalent reaction have 

been proposed. In this study, we could determine the chemical mechanism that leads to covalent 

binding and disprove the theory of the transient interaction at the pore site. In addition, analysis of 

the binding mode showed, that cyclostreptin belongs to the group of taxane site ligands that is not 

able to order the M-loop, such as discodermolide or taxol itself 

The last chapter also presents the first tubulin-ligand structure solved by me. Compound 12 is a novel 

acylhydrazone-based compound that targets the colchicine site and shows promising activity against 

multidrug-resistant acute lymphoblastic leukemia. A previous study selected the three best 

compounds for further evaluation, of which compound 12 showed the best antitumor activity while 

also exhibiting the weakest affinity to tubulin. By solving the tubulin-compound 12 crystal structure 

we could confirm the mechanism of action via the colchicine site and mostly confirm the binding pose 

predicted by docking studies. Furthermore, using the compound 12 structure as a basis we could 

model the other two compounds of the set into the colchicine site and explain the difference in 

affinity.  
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A2. Crystallization systems for the high-resolution structural 

analysis of tubulin-ligand complexes 

A2.1 Declaration of contribution 

Prof. Dr. Michel Steinmetz was approached to contribute a chapter in an upcoming issue of Methods 

in Molecular Biology on the topic of microtubules. I was tasked, with support from Dr. Natacha Olieric, 

to organize the writing of this chapter and we decided to present our tools to solve a tubulin-drug 

complex structure. I wrote the first draft of the whole chapter, and after adjustment in writing style 

introduced the tetrahymena tubulin crystallization written by Valentin Ehrhard and the serial 

crystallography part written by Maximilian Wranik. Lastly, with the support of Prof. Dr. Michel 

Steinmetz I finalized and proof read the chapter. 

The chapter was published in 2022 under the title “Crystallization systems for the high-resolution 

structural analysis of tubulin-ligand complexes” in Methods in Molecular Biology. 
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Mühlethaler T., Olieric N., Ehrhard V.A., Wranik M., Standfuss J., Sharma A., Prota A.E., Steinmetz M.O. 

(2022). “Crystallization systems for the high-resolution structural analysis of tubulin-ligand 

complexes.” Methods Mol Biol 2430:349-374. 
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Abstract 

Since the first moderate resolution description of Taxol bound to tubulin by electron crystallography 

in 1998, several tubulin crystal systems have been developed and optimized for the high-resolution 

analysis of tubulin-ligand complexes by X-ray crystallography. Here we describe three tubulin crystal 

systems that have allowed investigating the molecular mechanisms of action of a large number of 

diverse anti-tubulin agents. 
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1. Introduction 

Compounds targeting microtubules and/or their αβ-tubulin heterodimeric building blocks have 

proven to be one of the best classes of anticancer chemotherapeutic drugs available in the clinic to 

date (reviewed in (Dumontet and Jordan, 2010)). Thanks to the development of several crystallization 

tools during the past two decades, six distinct ligand-binding sites in tubulin have been identified and 

characterized in large detail (reviewed in (Steinmetz and Prota, 2018)). Here we present a toolbox 

consisting of three distinct crystal systems that allow the analysis of tubulin-ligand complexes at high 

resolution by X-ray crystallography.  

The first crystal system is called T2R-TTL, which belongs to the space group 19 and contains one T2R-

TTL complex per asymmetric unit (Figure 1A; (Prota et al., 2013b)). The T2R-TTL complex is formed of 

two copies of mammalian αβ-tubulin, one copy of the rat stathmin-like protein RB3, and one copy of 

the chicken tubulin tyrosine ligase (TTL). The T2R-TTL complex has been used extensively for drug 

soaking and co-crystallization experiments and yields crystals that diffract routinely at around 2.2 Å 

resolution (best resolution, 1.8 Å (Prota et al., 2013a)). Its main features are the presence of an inter-

tubulin dimer interface and a well accessible β-tubulin subunit.  

The second crystal system is called TD1, which belongs to the space group 4 and contains one TD1 

complex per asymmetric unit (Figure 1B; (Pecqueur et al., 2012)). The TD1 complex is formed of one 

copy of mammalian αβ-tubulin and one copy of the designed ankyrin repeat protein (DARPin) D1, 

which has been selected for high affinity binding to β-tubulin (Pecqueur et al., 2012). The TD1 system 

has been used for tubulin-drug co-crystallization experiments and yields crystals that diffract routinely 

at around 2.0 Å resolution (best resolution, 1.5 Å (La Sala et al., 2019)). While the TD1 crystal system 

does not allow studying drug binding sites located at the inter-tubulin dimer interface, as is the case 

with T2R-TTL, it features a well accessible α-tubulin subunit. The outstanding diffraction quality of TD1 

crystals has allowed for modification of its crystallization procedure for the use in room temperature 

serial crystallography experiments at both synchrotrons and X-ray free electron lasers (Figure 1C; 

(Weinert et al., 2017)).  

The third and most recently developed crystal system is called Tt-TD1, which also belongs to the space 

group 4 like TD1 but in contrast contains two Tt-TD1 complexes per asymmetric unit (Figure 1D; our 

own unpublished results). The Tt-TD1 complex consists of one copy of Tetrahymena thermophila αβ-

tubulin and one copy of the DARPin D1. Tt-TD1 crystals diffract to about 1.8 Å resolution and the 

system provides the same features as TD1.  
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Figure 1. Tubulin crystallization toolbox. 

A-D. Representative images of tubulin crystals and tubulin complexes: T2R-TTL (A), TD1 (B), SX TD1 (C), 
and Tt-TD1 (D). Tubulin-complex structures are depicted in surface representation (α-tubulin, dark 
grey; β-tubulin, light grey; RB3, green; TTL, beige; DARPin D1, yellow). The corresponding space group 
and the copy number of tubulin complexes in the asymmetric unit (ASU) are indicated for each crystal 
system. Abbreviations: SX, serial X-ray crystallography; m-Tub, mammalian tubulin; Tt-Tub, T. 
thermophilia tubulin. 

 

The versatility of these crystal systems allows deciphering the molecular mechanisms of action of a 

wide variety of different microtubule stabilizing and destabilizing agents. Besides being useful for drug 

discovery, the toolbox will also allow for preparing crystal samples for dynamic measurements at 

synchrotrons and X-ray free electron lasers. 
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2. Materials 

All prepared solutions should be filtered using a 0.22 µm pore filter. Solutions can be stored at room 

temperature unless indicated otherwise. 

2.1. Commonly used stocks 

1. 1 M Tris-HCl pH 7.5: Dissolve 60.6 g tris(hydroxymethyl)aminomethane in 

ddH2O, adjust the pH to 7.5 with HCl and fill up to 0.5 L with ddH2O. 

2. 1 M Tris-HCl pH 8.0: Dissolve 60.6 g tris(hydroxymethyl)aminomethane in 

ddH2O, adjust the pH to 8.0 with HCl and fill up to 0.5 L with ddH2O. 

3. 1 M Tris-HCl pH 8.5: Dissolve 60.6 g tris(hydroxymethyl)aminomethane in 

ddH2O, adjust the pH to 8.5 with HCl and fill up to 0.5 L with ddH2O. 

4. 1 M NaHEPES-NaOH pH 7.2: Dissolve 130.1g 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid sodium salt in ddH2O, adjust the pH to 7.2 with NaOH 

and fill up to 0.5 L with ddH2O (see Note 1). 

5. 0.5 M Bis-tris propane-HCl pH 7.5: Dissolve 70.6 g 1,3-

bis(tris(hydroxymethyl)methylamino)propane in ddH2O, adjust the pH to 7.2 

with HCl and fill up to 0.5 L with ddH2O. 

6. 0.5 M PIPES-KOH pH 6.8: Dissolve 75.6 g piperazine-N,N′-bis(2-ethanesulfonic 

acid) in ddH2O, adjust the pH to 6.8 with KOH and fill up to 0.5 L with ddH2O 

(see Note 2). 

7. 1 M MES-NaOH pH 6.8: Dissolve 97.6 g 2-(N-morpholino)ethanesulfonic acid in 

ddH2O, adjust the pH to 6.8 with NaOH and fill up to 0.5 L with ddH2O. 

8. 5 M NaCl: Dissolve 146.1 g sodium chloride in 0.5 L ddH2O. 

9. 5 M Imidazole-HCl pH 8.0: Dissolve 170.2 g imidazole in ddH2O, adjust the pH 

to 8.0 with HCl and fill up to 0.5 L with ddH2O. 

10. 1 M DTT: Dissolve 7.7 g dithiothreitol in 50 mL ddH2O. Aliquot and freeze the 

solution. 

11. 0.5 M EGTA-NaOH pH 8.0: Dissolve 19 g ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N′,N′-tetraacetic acid in ddH2O, adjust the pH to 8.0 with NaOH and 

fill up to 100 mL with ddH2O (see Note 3). 

12. 1 M CaCl2: Dissolve 14.7 g calcium chloride dihydrate in 100 mL ddH2O. 

13. 1 M MgCl2: Dissolve 20.3 g magnesium chloride hexahydrate in 100 mL ddH2O. 

14. 0.1 M GTP: Dissolve 52.3 mg guanosine 5′-triphosphate sodium salt hydrate in 

1 mL ddH2O. Aliquot and freeze the solution. 
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15. 0.1 M GDP: Dissolve 44.3 mg guanosine 5′-diphosphate sodium salt in 1 mL 

ddH2O. Aliquot and freeze the solution. 

 

2.2. Protein preparation 

2.2.1. Expression and purification of RB3 

1. Plasmid encoding for the rat stathmin-like domain of Rattus norvegicus RB3 in 

a pET3d vector (see Note 4 and Figure 2A). 

2. Heating block. 

3. Incubator shaker. 

4. Erlenmeyer flasks holding 2 L. 

5. Large capacity centrifuge with cooling unit. 

6. Ultrasonic cell disrupter. 

7. Fast protein liquid chromatography system. 

8. UV-Vis spectrophotometer. 

9. Chemically competent E.coli BL21 (DE3). 

10. Ampicillin stock solution: 100 mg/mL ampicillin sodium salt in ddH2O. Aliquot 

and freeze the solution. 

11. IPTG stock: Dissolve 3.6 g Isopropyl β-D-1-thiogalactopyranoside in 15 mL 

ddH2O. Aliquot and freeze the solution. 

12. LB agar plate supplemented with 100 µg/mL ampicillin sodium salt.  

13. LB medium: Dissolve 20 g LB broth in 1 L ddH2O and autoclave.  

14. Super Optimal broth with Catabolite repression (SOC): Dissolve 2.8 g Difco SOB 

medium (BD) in 0.1 L ddH2O. After autoclaving, add 2 mL sterile filtered 20% 

(w/v) glucose solution. 

15. RB3 anion binding-buffer: 20 mM Tris-HCl pH 8.0, 1 mM EGTA, 2 mM DTT. 

16. RB3 anion elution-buffer: 20 mM Tris-HCl pH 8.0, 1 M NaCl, 1 mM EGTA, 2 mM 

DTT. 

17. RB3 lysis buffer: RB3 anion binding-buffer containing 25 µg/mL DNAse I and 1 

c0mplete protease inhibitor cocktail tablet (Roche). 

18. RB3 SEC buffer: 10 mM HEPES pH 7.2, 150 mM NaCl, 2 mM DTT. 

19. Q Sepharose column. 

20. Superdex 75 16/60. 

21. 3 kDa cut-off concentrator. 
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2.2.2. Expression and purification of TTL 

1. Plasmid encoding for the Gallus gallus TTL in the negative selection vector 

NSKn1 containing a C-terminal hexahistidine-tag (see Note 5 and Figure 2B). 

2. Heating block. 

3. Incubator shaker. 

4. Erlenmeyer flasks holding 2 L. 

5. Large capacity centrifuge with cooling unit. 

6. Ultrasonic cell disrupter. 

7. Fast protein liquid chromatography system. 

8. UV-Vis spectrophotometer. 

9. Chemically competent E.coli BL21 (DE3). 

10. Kanamycin stock solution: 50 mg/mL kanamycin sulfate in ddH2O. Aliquot and 

freeze the solution. 

11. IPTG stock: Dissolve 3.6 g Isopropyl β-D-1-thiogalactopyranoside in 15 mL 

ddH2O. Aliquot and freeze the solution. 

12. LB agar plate supplemented with 50 µg/mL kanamycin sulfate. 

13. LB medium: Dissolve 20 g LB broth in 1 L ddH2O and autoclave. 

14. Super Optimal broth with Catabolite repression (SOC): Dissolve 2.8 g Difco SOB 

medium (BD) in 0.1 L ddH2O. After autoclaving, add 2 mL sterile filtered 20% 

(w/v) glucose solution. 

15. TTL IMAC binding-buffer: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM 

imidazole, 10% glycerol, 5 mM β-mercaptoethanol. 

16. TTL IMAC elution-buffer: 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 500 mM 

imidazole, 10% glycerol, 5 mM β-mercaptoethanol. 

17. TTL lysis buffer: TTL IMAC binding-buffer containing 25 µg/mL DNAse I and 1 

c0mplete protease inhibitor cocktail tablet (Roche). 

18. TTL SEC buffer: 50 mM Bis-tris propane pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 

1% glycerol, 2 mM DTT. 

19. Ni-NTA column (see Note 6). 

20. Superdex 200 16/60. 

21. 10 kDa cut-off concentrator. 
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2.2.3. Expression and purification of DARPin D1 

1. Plasmid encoding for the artificial DARPin D1 in a pET derived vector PSTCm9 

as a fusion with an N-terminal thioredoxin followed by a hexahistidine-tag and 

a thrombin cleavage site (see Note 7 and Figure 2C). 

2. Heating block. 

3. Incubator shaker. 

4. Erlenmeyer flasks holding 2 L. 

5. Large capacity centrifuge with cooling unit. 

6. Ultrasonic cell disrupter. 

7. Fast protein liquid chromatography system. 

8. UV-Vis spectrophotometer. 

9. Chemically competent E.coli BL21 (DE3). 

10. Ampicillin stock solution: 100 mg/mL ampicillin sodium salt in ddH2O. Aliquot 

and freeze the solution. 

11. IPTG stock: Dissolve 3.6 g Isopropyl β-D-1-thiogalactopyranoside in 15 mL 

ddH2O. Aliquot and freeze the solution. 

12. LB agar plate supplemented with 100 µg/mL ampicillin sodium salt. 

13. LB medium: Dissolve 20 g LB broth in 1 L ddH2O and autoclave. 

14. Super Optimal broth with Catabolite repression (SOC): Dissolve 2.8 g Difco SOB 

medium (BD) in 0.1 L ddH2O. After autoclaving, add 2 mL sterile filtered 20% 

(w/v) glucose solution. 

15. DARPin D1 IMAC binding-buffer: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM 

imidazole, 10% glycerol, 5 mM β-mercaptoethanol. 

16. DARPin D1 IMAC elution-buffer: 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 500 mM 

imidazole, 10% glycerol, 5 mM β-mercaptoethanol. 

17. DARPin D1 lysis buffer: DARPin D1 IMAC binding-buffer containing 25 µg/mL 

DNAse I and 1 c0mplete protease inhibitor cocktail tablet (Roche). 

18. Thrombin cleavage buffer: 20 mM Tris-HCl pH 8.5, 150 mM NaCl, 2.5 mM CaCl2. 

19. DARPin D1 SEC buffer: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM DTT. 

20. Thrombin. 

21. Dialysis tube 5 kDa cut-off. 

22. Ni-NTA column (see Note 6). 

23. Superdex 75 16/60. 

24. 3 kDa cut-off concentrator. 
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Figure 2. Protein preparation. 

A-C. Plasmid maps of the RB3 (A), TTL (B), and DARPin D1 (C) constructs for the recombinant protein 
expression in E. coli. Relevant plasmid resistance genes and purification or expression tags are 
indicated (ampicillin in black, kanamycin in blue, hexahistidine-tag in dark blue, thioredoxin in pink, 
thrombin cleavage site in red). D. Native sources for tubulin. E. RB3, TTL and DARPin D1 purification 
schemes. The main purification steps are indicated from the top to the bottom. F. Coomassie stained 
12% SDS-PAGE illustrating the final purity of proteins. 

 

2.2.4. Mammalian tubulin polymerization and depolymerization 

1. Lyophilized bovine brain tubulin (see Note 8). 

2. Ultracentrifuge with cooling unit and rotor for 1 mL polycarbonate tubes. 

3. 1 mL polycarbonate tubes suited for ultracentrifugation. 

4. Heating block. 

5. Tubulin polymerization buffer: 50 mM MES-KOH pH 6.8, 6 mM MgCl2, 0.5 mM 

EGTA, 0.4 mM GTP, 33% glycerol. 

6. Tubulin depolymerization buffer: 80 mM PIPES-KOH pH 6.8, 1 mM MgCl2, 2 mM 

CaCl2, 0.5 mM EGTA, 2 mM GDP. 

 

 



XIX 
 

2.2.5. Preparation of T. thermophila tubulin 

1. Tetrahymena thermophila strain stock ID SD01733 (see Note 9). 

2. Heating block. 

3. Incubator shaker. 

4. Ultrasonic cell disrupter. 

5. Large capacity centrifuge with cooling unit. 

6. Ultracentrifuge with cooling unit and rotor for 1 mL polycarbonate tubes. 

7. 1 mL polycarbonate tubes suited for ultracentrifugation. 

8. 200 mL Erlenmeyer for the preculture. 

9. 2 L Erlenmeyer for the culture. 

10. Syringe filters 0.45 microns. 

11. Fast protein liquid chromatography system. 

12. UV-Vis spectrophotometer. 

13. Penicillin/Streptomycin/Amphotericin B mix. 

14. 0.1 M FeCl3: Dissolve 1.6 g ferric chloride in 100 mL ddH2O. 

15. Sequestrene-proteose peptone medium (SPP): Dissolve 10 g proteose 

peptone, 1 g yeast extract, and 2 g glucose in 1 L ddH2O and autoclave. 

16. DEAE Sepharose column (see Note 10). 

17. 0.1 M PMSF: Dissolve 384 mg phenylmethylsulfonyl fluoride in 10 mL 

anhydrous ethanol. Store the solution at -20° C. 

18. PME buffer: 0.1 M PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA. 

19. DEAE washing-buffer: PME buffer containing 100 mM KCl and 0.25 M 

Glutamate. 

20. DEAE elution-buffer: PME buffer containing 300 mM KCl and 0.75 M 

Glutamate. 

21. Lysis buffer: PME buffer containing 0.5 mM phenylmethylsulfonyl fluoride and 

1 c0mplete protease inhibitor cocktail tablet (Roche). 

22. DMSO. 

23. 1 M MgCl2. 

24. 0.1 M GTP. 
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2.2.6. Analysis of protein purity by 12% SDS-PAGE 

1. Resolving gel buffer: 3 M Tris pH 8.8. Dissolve 60.6 g 

tris(hydroxymethyl)aminomethane in ddH2O, adjust the pH to 8.8 with HCl and 

fill up to 0.5 L with ddH2O. 

2. Stacking gel buffer: 1 M Tris pH 6.8. Dissolve 60.6 g 

tris(hydroxymethyl)aminomethane in ddH2O, adjust the pH to 6.8 with HCl and 

fill up to 0.5 L with ddH2O. 

3. Ammonium persulfate solution: 10% (w/v) ammonium persulfate in ddH2O. 

Aliquot and store at -20° C. 

4. Acrylamide solution: 30% (w/v) acrylamide/bis-acrylamide ratio 29:1 (3.3% 

crosslinker). Store at 4° C. 

5. N,N,N′,N′-Tetramethylethylendiamin (TEMED). Store at 4° C. 

6. Molecular weight protein standard. 

7. 5x loading buffer: 0.25 M Tris pH 6.8, 40% (v/v) glycerol, 10% (w/v) sodium 

dodecylsufate, 20% (v/v) β-mercaptoethanol, 0.1% (w/v) bromophenol blue. 

8. 10x SDS running buffer: 0.25 M Tris, 1.92 M glycine, 1% (w/v) sodium dodecyl 

sulfate (SDS).  

9. Destaining solution: ddH2O-EtOH-acetic acid 6:3:1 (v/v/v). 

10. Staining solution: Dissolve 2.5 g Coomassie Brilliant Blue G250 in 1 L destaining 

solution. 

 

2.3.  Protein complex formation 

2.3.1. T2R-TTL 

1. Tubulin desalting buffer: 15 mM PIPES-KOH pH 6.8, 0.3 mM MgCl2, 0.2 mM 

EGTA, 0.1 mM GDP. 

2. Desalting column (see Note 11). 

3. Concentrator (10 kDa cut-off). 

4. 1 M DTT. 

5. 0.1 M GDP. 

6. 0.1 M AppCp: Dissolve 2.64 mg (Adenosine-5'-[(β,γ)-methyleno]triphosphate) 

in 50 µL ddH2O. 
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2.3.2. TD1 and TD1 for serial X-ray crystallography 

1. 1 M DTT. 

2. 0.1 M GDP. 

3. Concentrator (10 kDa and 30 kDa cut-off). 

 

2.3.3. Tt-TD1 

1. Subtilisin. 

2. 0.1 M PMSF: Dissolve 384 mg phenylmethylsulfonyl fluoride in 10 mL 

anhydrous ethanol. Store the solution at -20° C. 

3. 0.1 M GDP. 

4. Concentrator (30 kDa cut-off). 

5. Ultracentrifuge with cooling unit and rotor for 0.5/1 mL polycarbonate tubes. 

6. 0.5/1 mL polycarbonate tubes suited for ultracentrifugation. 

2.4. Crystallization 

2.4.1. T2R-TTL 

1. 40% (v/v) glycerol in ddH2O. 

2. 50% (w/v) PEG4000 in ddH2O. 

3. 1 M MES: Dissolve 19.5 g 2-(N-morpholino)ethanesulfonic acid in 100 mL 

ddH2O. 

4. 1 M imidazole: Dissolve 6.8 g imidazole in 100 mL ddH2O. 

5. T2R-TTL crystallization buffer pH 6.5: Mix 55.5 mL 1 M MES with 44.5 mL 1 M 

imidazole. 

6. Divalent ions: 300 mM CaCl2, 300 mM MgCl2: add 30 mL 1 M CaCl2 and 30 mL 

1 M MgCl2; fill up to 100 mL with ddH2O. 

7. 250 mM L-tyrosine: Dissolve 2.26 g L-tyrosine in 50 mL 1 M HCl. 

8. Sitting-drop and hanging-drop crystallization plates. 

 

2.4.2. TD1 

1. 50% (w/v) PEG3350 in ddH2O. 

2. 2 M (NH₄)₂SO₄: Dissolve 26.4 g ammonium sulfate in 100 mL ddH2O. 

3. 1 M Bis-tris methane pH 5.5: Dissolve 20.9 g Bis-tris methane in ddH2O, adjust 

the pH to 5.5 using HCl and fill up to 100 mL with ddH2O. 

4. Hanging-drop crystallization plates. 
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2.4.3. TD1 for serial X-ray crystallography 

1. 50% (w/v) PEG3000 in ddH2O. 

2. 2 M (NH4)2SO4: Dissolve 26.4 g ammonium sulfate in 100 mL ddH2O. 

3. 1 M Bis-tris methane pH 5.5: Dissolve 20.9 g Bis-tris methane in ddH2O, adjust 

the pH to 5.5 using HCl and fill up to 100 mL with ddH2O. 

4. Hanging-drop crystallization plates. 

 

2.4.4. Tt-TD1 

1. 50% (w/v) PEG3350 in ddH2O. 

2. 1 M Na2SO4: Dissolve 14.2 g sodium sulfate in 100 mL ddH2O. 

3. DMSO. 

4. Hanging-drop crystallization plates. 

 

2.5. Crystal handling 

2.5.1. T2R-TTL  

1. 40% (v/v) glycerol in ddH2O. 

2. 50% (w/v) PEG4000 in ddH2O. 

3. 1 M MES: Dissolve 19.5 g 2-(N-morpholino)ethanesulfonic acid in 100 mL 

ddH2O. 

4. 1 M imidazole: Dissolve 6.8 g imidazole in 100 mL ddH2O. 

5. T2R-TTL crystallization buffer pH 6.5: Mix 55.5 mL 1 M MES with 44.5 mL 1 M 

imidazole. 

6. Divalent ions: 300 mM CaCl2, 300 mM MgCl2: add 30 mL 1 M CaCl2 and 30 mL 

1 M MgCl2; fill up to 100 mL with ddH2O. 

7. 250 mM L-tyrosine: Dissolve 2.26 g L-tyrosine in 50 mL 1 M HCl. 

8. Crystal loops and storage pucks. 

9. Siliconized coverslips. 

 

2.5.2. TD1  

1. Crystal loops and storage pucks.  
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2.5.3. TD1 for serial X-ray crystallography 

1. 22% (w/v) hydroxyethylcellulose in ddH2O. 

2. 5 ml plastic syringe with a Luer taper. 

3. Three-way-coupler (see Note 12). 

4. 100 μL Hamilton syringes. 

 

2.5.4. Tt-TD1  

1. Crystallization solution from crystal hit. 

2. 60% (w/v) erythritol (see Note 13). 

3. Crystal loops and storage pucks. 

 

3. Methods 

3.1. Protein preparation 

The general workflow is shown in Figure 2E. 

3.1.1. Expression and purification of RB3 

1. On ice, add 0.5 µL of the plasmid encoding RB3 to 10 µL of chemically 

competent E.coli BL21 (DE3) cells and incubate for 10 min. Heat-shock the cells 

at 42° C for 15 s, then incubate on ice for 10 min. Add 100 µL of SOC medium 

and incubate for 2 h at 37° C by shaking at 180 rpm. 

2. Plate the cells on a LB agar plate supplemented with ampicillin and incubate 

the plate at 37° C overnight. 

3. Suspend the cells in 2 mL of LB medium on the plate and transfer the 

suspension to 200 mL LB medium supplemented with 200 µL of ampicillin stock 

solution. Incubate the cells for 1 h at 37° C while shaking at 180 rpm. 

4. Prepare as much cell medium as wished: 1 L of LB medium supplemented with 

1 mL ampicillin stock solution in a 2 L Erlenmeyer flask (see Note 14). 

5. Inoculate with 10 mL pre-culture per 1 L cell medium and incubate the cells at 

37° C while shaking at 180 rpm. 

6. Measure the optical density at =600 nm (OD600) of the cell suspension until it 

reaches an OD600 between 0.6 and 0.8. Once reached, induce with 1 mL IPTG 

stock solution per 1 L of medium and incubate the culture for 4 h at 37° C while 

shaking at 180 rpm. 
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7. Harvest the cells by centrifugation at 5000 x g at 4° C for 30 min. Resuspend 

cells in 10 mL RB3 lysis buffer per 1 L of cell culture (see Note 15). 

8. Lyse the cells on ice with an ultrasonic cell disruptor. Use 2 s on 2 s off pulses 

for 10 min. 

9. Centrifuge the lysate at 20000 x g at 4° C for 30 min. 

10. Boil the supernatant for 30 min (see Note 16). 

11. Centrifuge the boiled lysate at 20000 x g at 4° C for 30 min. 

12. Apply the supernatant to a Q Sepharose column on a FPLC system. Then wash 

the column with 20 column volumes (CVs) of RB3 anion binding-buffer. 

13. Elute the RB3 protein over 20 CVs with a linear gradient to 50% RB3 anion 

elution-buffer. 

14. Analyze the eluted fractions on SDS-PAGE, pool the fractions containing RB3 

and concentrate to 5 mL using a 3 kDa cut-off concentrator. 

15. Apply the pooled RB3 to a Superdex 75 16/60 column and elute with RB3 SEC 

buffer. 

16. Analyze the eluted fractions on SDS-PAGE (Figure 2F), pool the fractions 

containing RB3 and concentrate them to ~20mg/mL RB3 using a 3 kDa cut-off 

concentrator (see Note 17). Flash freeze 20 µL aliquots of RB3 and store them 

at -80° C. 

 

3.1.2. Expression and purification of TTL 

1. On ice, add 0.5 µL of the plasmid encoding TTL to 10 µL of chemically 

competent E.coli BL21 (DE3) cells and incubate for 10 min. Heat-shock the cells 

at 42° C for 15 s, then incubate on ice for 10 min. Add 100 µL of SOC medium 

and incubate for 2 h at 37° C by shaking at 180 rpm. 

2. Plate the cells on a LB agar plate supplemented with kanamycin and incubate 

the plate at 37° C overnight. 

3. Suspend the cells in 2 mL of LB medium on the plate and transfer the 

suspension to 200 mL LB medium supplemented with 200 µL of kanamycin 

stock solution. Incubate the cells for 1 h at 37° C while shaking at 180 rpm. 

4. Prepare as much cell medium as wished: 1 L of LB medium supplemented with 

1 mL kanamycin stock solution in a 2 L Erlenmeyer flask (see Note 18). 

5. Inoculate with 10 mL pre-culture per 1 L of cell medium, and incubate the cells 

at 37° C while shaking at 180 rpm. 
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6. Measure the optical density at =600 nm (OD600) of the cell suspension until it 

reaches an OD600 between 0.6 and 0.8. Once reached, cool the cell suspension 

to 20° C for 30 min. Induce with 1 mL IPTG stock solution per 1 L of medium 

and incubate the culture for overnight at 20° C while shaking at 180 rpm. 

7. Harvest the cells by centrifugation at 5000 x g at 4° C for 30 min. Resuspend 

cells in 10 mL TTL lysis buffer per 1 L of cell culture (see Note 15). 

8. Lyse the cells on ice with an ultrasonic cell disruptor. Use 2 s on 2 s off pulses 

for 10 min. 

9. Centrifuge the lysate at 20000 x g at 4° C for 30 min. 

10. Apply the supernatant to a Ni-NTA column on a FPLC system.  

11. Wash the column with 30 column volumes (CVs) of TTL IMAC binding-buffer, 

and then wash the column with 20 CVs of 4% TTL IMAC elution-buffer. 

12. Elute the TTL over 10 CVs with TTL IMAC elution-buffer. 

13. Analyze the eluted fractions on SDS-PAGE, pool the fractions containing TTL 

and concentrate to 5 mL using a 10 kDa cut-off concentrator. 

14. Apply the pooled TTL to a Superdex 200 16/60 column and elute the protein 

with TTL SEC buffer. 

15. Analyze the eluted fractions on SDS-PAGE (Figure 2F), pool the fractions 

containing TTL and concentrate the protein to ~20 mg/mL using a 10 kDa cut-

off concentrator (see Note 19). Flash freeze 20 µL aliquots of TTL and store 

them at -80° C. 

 

3.1.3. Expression and purification of DARPin D1 

1. On ice, add 0.5 µL of the plasmid encoding DARPin D1 to 10 µL of chemically 

competent E.coli BL21 (DE3) and incubate for 10 min. Heat-shock the cells at 

42° C for 15 s, then incubate on ice for 10 min. Add 100 µL of SOC medium and 

incubate for 2 h at 37° C by shaking at 180 rpm. 

2. Plate the cells on a LB agar plate supplemented with ampicillin and incubate 

the plate at 37° C overnight. 

3. Suspend the cells in 2 mL of LB medium on the plate and transfer the 

suspension to 200 mL LB medium supplemented with 200 µL of ampicillin stock 

solution. Incubate the cells for 1 h at 37° C while shaking at 180 rpm. 

4. Prepare as much cell medium as wished: 1 L of LB medium supplemented with 

1 mL ampicillin stock solution in a 2 L Erlenmeyer flask (see Note 20).  



XXVI 
 

5. Inoculate with 10 mL pre-culture per 1 L cell medium, and incubate the cells at 

37° C while shaking at 180 rpm. 

6. Measure the optical density at =600 nm (OD600) of the cell suspension until it 

reaches an OD600 between 0.6 and 0.8. Once reached, cool the cell suspension 

to 20° C for 30 min. Induce with 1 mL IPTG stock solution per 1 L of medium 

and incubate the culture for overnight at 20° C while shaking at 180 rpm. 

7. Harvest the cells by centrifugation at 5000 x g at 4° C for 30 min. Resuspend 

cells in 10 mL DARPin D1 lysis buffer per 1 L of cell culture (see Note 15). 

8. Lyse the cells on ice with an ultrasonic cell disruptor. Use 2 s on 2 s off pulses 

for 10 min. 

9. Centrifuge the lysate at 20000 x g at 4° C for 30 min. 

10. Apply the supernatant to a Ni-NTA column on a FPLC system.  

11. Wash the column with 30 column volumes (CVs) of DARPin D1 IMAC binding-

buffer, and then wash the column with 20 CVs of 4% DARPin D1 IMAC elution-

buffer. 

12. Elute the DARPin D1 over 10 CV with DARPin D1 IMAC elution-buffer. 

13. Analyze the eluted fractions on SDS-PAGE, pool the fractions containing 

DARPin D1 and dilute with thrombin cleavage buffer to 2 mg/mL.  

14. Add 2 units of thrombin to the DARPin D1, fill the solution into dialysis tubing, 

and dialyze against thrombin cleavage buffer for 72 h at 4° C. 

15. Apply the solution to a Ni-NTA column on a FPLC system and collect the flow-

through. While further collecting the flow-through, wash with DARPin D1 IMAC 

binding-buffer until the UV absorbance (=280 nm) reaches the baseline. 

16. Elute the bound fraction with 10 CVs DARPin D1 IMAC elution-buffer. 

17. Analyze the flow-through fractions on SDS-PAGE, pool the fractions containing 

DARPin D1 and concentrate to 5 mL using a 3 kDa cut-off concentrator (see 

Note 21).  

18. Apply the pooled DARPin D1 to a Superdex 75 16/60 column and elute with 

DARPin D1 SEC buffer. 

19. Analyze the elution fractions on SDS-PAGE (Figure 2F), pool the fractions 

containing DARPin D1 and concentrate to ~20 mg/mL DARPin D1 using a 3 kDa 

cut-off concentrator (see Note 22). Flash freeze 20 µL aliquots of DARPin D1 

and store them at -80° C. 
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3.1.4. Mammalian tubulin polymerization and depolymerization 

1. Precool centrifuge and rotor to 4° C. 

2. Solubilize the lyophilized tubulin on ice in cold tubulin polymerization buffer at 

a concentration of 10 mg/mL. Transfer to suited polycarbonate centrifugation 

tubes. 

3. Centrifuge at 50000 x g at 4° C for 15 min (see Note 23). 

4. Transfer supernatant to new polycarbonate centrifugation tube. Balance the 

tubes, and then seal them (see Note 24).  

5. Incubate the supernatant at 37° C for 30 min (see Note 25). In the meantime, 

preheat the centrifuge and rotor to 37° C. 

6. Centrifuge at 70000 x g at 37° C for 20 min (see Note 26). 

7. Remove supernatant and on ice and add tubulin depolymerization buffer in the 

same amount as tubulin polymerization buffer was added before. 

8. Resuspend the pellet by gently pipetting. 

9. Centrifuge the resuspended tubulin at 50000 x g at 4° C for 15 min. The 

supernatant contains the active, non-aggregated tubulin (see Note 23). 

 

3.1.5. Preparation of T. thermophila tubulin 

1. Prepare 10 mL of SPP medium for a preculture per 1 L of main culture by adding 

100 μL antibiotics mix and 3.3 μL FeCl3 solution. 

2. Inoculate the preculture with 1 mL of T. thermophila cells from a stock culture 

maintained in SPP medium at room temperature (see Note 27). 

3. Grow the preculture at 30° C while shaking at 60 rpm for 24 h. 

4. Substitute the 1 L SPP medium for the main culture with 10 mL antibiotics mix, 

330 µL FeCl3 solution and inoculate with 10 mL of T. thermophila preculture 

(see Note 28). 

5. Grow the cells at 30° C while shaking at 180 rpm for 30h. 

6. Harvest the cells by centrifugation at 5000 x g at 4° C for 15 min (see Note 15). 

7. Resuspend the cell pellets in 20 mL lysis buffer per liter of culture. 

8. Lyse the cells on ice with an ultrasonic cell disruptor. Use 2 s on 2 s off pulses 

for 10 min. 

9. Cool the sonicated cells on ice for an additional 30 min. 

10. Centrifuge the lysate at 20000 x g at 4° C for 40 min. 

11. Filter the supernatant through a 0.45 μm pore filter. 
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12. Apply the filtered supernatant to a DEAE Sepharose column on a FPLC system. 

13. Wash the column with 2 column volumes (CV) of PME buffer, and then wash 

the column with 4 column volumes (CVs) of DEAE washing-buffer. 

14. Elute the tubulin over 2 CVs with DEAE elution-buffer (see Note 29).  

15. Pool the eluted fractions of tubulin and add 10 mM MgCl2, 2 mM GTP and 8% 

(v/v) DMSO final concentration. 

16. Add the tubulin to 1 mL polycarbonate tubes compatible with ultra-

centrifugation, close them with Parafilm and incubate them at 37° C for 1 h. 

17. Centrifuge at 50000 x g at 37° C for 30 min (see Note 26).  

18. Remove supernatant and on ice add 200 μL cold PME buffer. 

19. Incubate on ice for 15 min, and then resuspend the pellet by gently pipetting. 

20. Transfer the resuspended pellet into a 1.5 mL Eppendorf tube, place it on ice 

and sonicate by placing the ultrasonic cell-disruptor tip close by in the ice using 

5 s on, 2 s off pulses for 1 min. 

21. Centrifuge at 50000 x g at 4° C for 20 min. 

22. Analyze the supernatant on SDS-PAGE (Figure 2F). Flash freeze 20 µL aliquots 

of ~5 mg/mL tubulin and store them at -80° C (see Note 30). 

 

3.1.6. Analysis of protein purity by 12% SDS-PAGE 

1. Prepare the resolving gel: mix 1.1 mL resolving gel buffer, 3.5 mL acrylamide 

mix, 4 mL ddH2O, 100 µL ammonium persulfate solution and 10 µL TEMED. 

2. Cast the gel in a 1 mm gel cassette. Stop pouring once the gel is 2 cm below 

the cassette border and overlay it with 2-propanol. 

3. Let the gel polymerize for 30 min. 

4. Remove the 2-propanol. 

5. Prepare the stacking gel: mix 1 mL stacking gel buffer, 0.65 mL acrylamide mix, 

2 mL ddH2O, 50 µL ammonium persulfate solution, and 10 µL TEMED. 

6. Pour the stacking gel on top of the resolving gel and add a gel comb. 

7. Mix 3 µg of sample protein with 5x sample buffer and dilute to 1x with stacking 

gel buffer, then heat the sample to 95° C for 10 min. 

8. Mount the polymerized gel into the SDS-PAGE chamber and fill both 

compartments with 1x SDS running buffer. 

9. Remove the gel comb and fill molecular weight standard and the samples into 

the pockets. Fill empty pockets with 1x loading buffer.  
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10. Run the gel at 180 V until the running front reaches the bottom of the gel. 

11. Incubate the gel in staining solution until it is thoroughly blue (see Note 31).  

12. Remove the staining solution, wash off remaining staining solution with ddH2O, 

then incubate the gel in destaining solution until the protein bands are visible. 

 

3.2. Complex formation 

Crystal appearance and complex structures are shown in Figure 1. 

3.2.1. T2R-TTL 

This step takes place immediately after the polymerization/depolymerization step 

described in 3.1.5. 

1. Perform a buffer exchange with tubulin desalting buffer using the desalting 

column at 4° C (see Note 32). 

2. Determine fractions containing tubulin with a UV-Vis spectrophotometer. Pool 

the fractions and determine the molar amount of tubulin (see Note 33). 

3. Add a six-fold molar excess of RB3 to tubulin on ice and gently mix by pipetting. 

4. Add 0.6 times the molar tubulin quantity of TTL on ice and gently mix by 

pipetting (see Note 34). 

5. Concentrate the complex to a molar tubulin equivalent of 200 µM at 4° C.  

6. Add DTT to a final concentration of 10 mM, and GDP and AppCp to a final 

concentration of 1 mM each (see Note 35).  

7. Aliquot to 10 µL, flash freeze, and then store at -80° C (see Note 36). 

 

3.2.2. TD1 

This step takes place immediately after the polymerization/depolymerization step 

described in 3.1.5. 

1. Take the freshly polymerized/depolymerized tubulin and determine its 

concentration (see Note 37). 

2. Add a 1.1 fold molar ratio of DARPin D1 to tubulin on ice and mix gently. 

3. Concentrate the complex to a molar tubulin equivalent of 150 to 200 µM at 4° 

C. 

4. Add DTT to a final concentration of 10 mM, and GDP to a final concentration 

of 1 mM. 

5. Aliquot to 10 µL, flash freeze and store at -80° C (see Note 36). 



XXX 
 

3.2.3. TD1 for serial X-ray crystallography 

This step takes place immediately after the polymerization/depolymerization step 

described in 3.1.5. The complex is only formed immediately before crystallization. 

1. After depolymerization, leave the polycarbonate centrifuge tube on ice for 30 

minutes. 

2. Centrifuge at 50000 x g at 4° C for 15 min (see Note 28). 

3. Transfer the supernatant to a pre-cooled Eppendorf tube on ice. 

4. Concentrate the tubulin to 90 µM. 

5. Aliquot to 100 μL, flash freeze, and then store at -80° C. 

6. To freshly form the complex immediately before crystallization, thaw the 

appropriate amount of tubulin and store on ice. 

7. Add a 1.1-fold molar excess of DARPin D1 to the tubulin on ice and gently mix 

by pipetting (see Note 38). 

8. Store the complex on ice until the crystallization. 

 

3.2.4. Tt-TD1 

1. Dilute T. thermophila tubulin to 1 mg/mL using ddH2O. 

2. Add GDP to a final concentration of 1 mM. 

3. Incubate for 5 min at 25° C. 

4. Split solution into polycarbonate tubes, add subtilisin to a 1/100 weight ratio 

and incubate for 45 min at 25° C. 

5. Stop the reaction by adding PMSF to a 1 mM final concentration and incubate 

on ice for 40 min. 

6. Centrifuge at 70000 x g at 4° C for 30 min. The supernatant contains the non-

aggregated tubulin. 

7. Add DARPin D1 in a 1:1 molar ratio and the concentrate the complex to 30-35 

mg/mL using a 30 kDa cut-off concentrator. 

8. Add DTT and GDP to a final concentration of 1 mM. 

9. Aliquot to 10 µL, flash freeze, and then store at -80° C. 

 

 

 

 



XXXI 
 

3.3. Crystallization 

3.3.1. T2R-TTL 

1. In a 1 ml 96- well plate, prepare the T2R-TTL crystallization screen: add 100 μL 

T2R-TTL crystallization buffer, 100 μL divalent ions, and 20 μL L-tyrosine to each 

well. 

2. To the same 96-well plate, add a horizontal gradient of PEG4000 from 1-12% 

(1% steps), and a vertical gradient of glycerol from 2-16% (2%steps) (Figure 3). 

3. Fill the wells up with ddH2O to 1 mL and store the screen at 4° C. 

4. Aliquot the screen into a 96-well sitting-drop crystallization plate and set up 

the crystallization screen by pipetting 0.2 μL of T2R-TTL complex followed by 

0.2 μL reservoir solution into the well (see Notes 39 & 40). 

5. Select the best conditions for crystal growth (see Note 41).  

6. The selected conditions can be set up with hanging drop crystallization plates 

using a drop volume up to 2 μL for easier handling. 

 

Figure 3. Crystallization of T2R-TTL.  

Schematic representation of a 96-well plate for the T2RT-TTL crystallization screen. The constant buffer 
components are listed on the left. The glycerol and PEG4000 concentration gradients are indicated on 
the left and on the top of the plate, respectively. 

 

3.3.2. TD1 

1. Mix four separate crystallization solutions, by diluting PEG3350 to a 22-28% (in 

2% steps) final concentration, add (NH4)2SO4 to a final concentration of 0.2 M 

(see Note 42). 

2. Add an appropriate amount of crystallization solution to the mother liquor well 

of your crystallization plate. 

3. Make a 1 μL drop of crystallization solution onto the cover slip or well. 
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4. Add 1 μL of TD1 complex while avoiding mixing and close the well. 

5. Crystals appear over-night and grow to full size within 2 days. 

 

3.3.3. TD1 for serial X-ray crystallography 

1. Prepare precipitant solution containing 0.2 M Ammonium sulfate, 0.1 M 

Bis/Tris-methane, pH 5.5, 21% (w/v) PEG3000. 

2. Fill hanging-drop crystallization plate wells with the appropriate amount of 

precipitant solution. 

3. Pipette 1 μL drops of TD1 complex solution. 

4. Add 1 μL of precipitant solution per TD1 complex solution drop. 

5. Streak-seed every single drop with crystalline material obtained from 3.3.2. 

6. Harvest grown crystals from a plate after 36 to 48 h after crystallization started 

by flushing the lids three times with 10 μL of precipitant solution. Stir to free 

crystals from the surface or precipitant agglomerations. 

7. Transfer the crystals into a 0.5 ml Eppendorf tube to initialize batch-

crystallization (see Note 43). 

8. Gently centrifuge and concentrate the crystal solution at 1000 x g for some 

seconds, then remove the supernatant. 

 

3.3.4. Tt-TD1 

1. Mix six separate crystallization solutions, by diluting PEG3350 to a 16-26% (in 

2% steps) final concentration, add Na2SO4 to a 0.2 M final concentration (see 

Note 44). 

2. Mix second set of solutions in the same manner, additionally adding DMSO to 

a final concentration of 10%. 

3. Add an appropriate amount of crystallization solution to the mother liquor well 

of a hanging-drop crystallization plate. 

4. Add a 1 µL drop of Tt-TD1 complex to the cover slip. 

5. Add 1 µL of crystallization solution on top of the Tt-TD1, avoiding mixing the 

two components. 

6. Crystals appear within a day and grow to full size within 2-3 days. 
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3.4. Soaking and co-crystallization of compounds 

3.4.1. Soaking of compounds 

To increase the success rate, it is advisable to run several soaking experiments in 

parallel. It is recommended to carry out the soaking experiments in 2 μL drops to 

ease handling. These approaches work for both T2R-TTL and TD1 (see Note 45). 

1. Select crystals to be soaked. If several selected crystals are in one crystal drop, 

they can be transferred to another 2 μL drop of crystallization solution. 

2. Soak one set of crystals for 24 h while not surpassing 5% DMSO and 5 mM 

compound. Add the compound on the crystal drop on the opposite side of the 

crystal while avoiding mixing. 

3. Soak one set of crystals for 4 h by adding the maximum amount of compound 

stock solution to reach a final DMSO concentration of maximum 10%. Add the 

compound on the crystal drop on the opposite side of the crystal while 

avoiding mixing. 

4. Soak one set of crystals for <1 h by adding the maximum amount of compound 

stock solution that results in a final DMSO concentration of 20%. Add the 

compound on the crystal drop on the opposite side of the crystal while 

avoiding mixing. 

5. Before harvesting the crystals, inspect them under the microscope for visible 

cracks and avoid cracked crystals. If the soaked compound is colored, a quick 

way to estimate the success of the soaking is to check if the crystals have 

changed their color. 

 

3.4.2. Co-crystallization of compounds 

1. For T2R-TTL: aliquot the T2R-TTL crystallization screen (3.3.1) to a suitable 

crystallization plate (see Note 39). For TD1: aliquot TD1 crystallization 

conditions (3.3.2) to a suitable crystallization plate. 

2. Thaw an aliquot the T2R-TTL complex or TD1 complex on ice. 

3. Mix the compound with the T2R-TTL complex or TD1 complex prior to 

crystallization (see Note 46).  

4. Set up the condition screen by pipetting 0.2 μL of T2R-TTL or TD1 complex 

followed by 0.2 μL reservoir solution into the well (see Note 47).  
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3.5. Crystal handling 

3.5.1. T2R-TTL  

1. Prepare the T2R-TTL crystal wash solution: Mix 100 μL divalent ions, 100 μL T2R-

TTL crystallization buffer, 400 μL 40% (v/v) glycerol, 200 μL 50% (w/v) PEG4000, 

20 μL L-tyrosine, and 180 μL ddH2O. 

2. Prepare the T2R-TTL crystal cryo solution: Mix 100 μL divalent ions, 100 μL T2R-

TTL crystallization buffer, 500 μL 40% (v/v) glycerol, 200 μL 50% (w/v) PEG4000, 

20 μL L-tyrosine, and 80 μL ddH2O. 

3. Prior to crystal harvesting, place a 2 μL drop of both wash and cryo solution on 

a siliconized coverslip. 

4. Using a crystal loop, transfer a T2R-TTL crystal to the wash solution and remove 

precipitated protein or ligand. 

5. Submerge the washed T2R-TTL crystal into the cryo solution. 

6. Remove excess cryo solution by slightly touching the loop containing the 

crystal sideways to the coverslip. Immediately freeze the crystal in a storage 

puck immersed in liquid nitrogen or mount directly at the beamline. 

 

3.5.2. TD1  

1. The crystallization solution for TD1 is already a cryo protectant. 

2. If necessary, remove precipitated protein or ligand from the crystal drop. 

3. Harvest the crystal using a crystal loop and freeze the crystal in a storage puck 

or mount directly at the beamline. 

 

3.5.3. TD1 for serial X-ray crystallography using a high viscosity injector 

This protocol is adapted from (Sugahara et al., 2017; Weinert et al., 2017). 

1. Transfer 1 mL freshly prepared 22% hydroxyethylcellulose solution into 5 mL 

plastic syringes with a Luer taper and seal them airtight with Parafilm. 

2. Let the hydrogel matrix harden out for a minimum of two days. 

3. Fill 90 µL of the hydroxethylcellulose solution in a Hamilton syringe from the 

front. 

4. Fill the three-way-coupler with the hydroxyethylcellulose solution until all air 

is removed. 
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5. Fill another Hamilton syringe from the back with your TD1 crystals, but stay 

below a total volume of 40 µL (see Note 48). 

6. Determine the volume in the Hamilton syringe containing with TD1 crystals. 

Remove hydroxyethylcellulose solution from the other syringe to get a 60:40 

volume ratio of hydroxyethylcellulose solution to TD1 crystals. Do not exceed 

100 µL total volume. 

7. Attach the two filled Hamilton syringes and an additional empty Hamilton 

syringe to the three-way-coupler. 

8. Combine and homogenize gently the hydroxyethylcellulose solution and TD1 

crystals by using the three-way-coupler (see Note 49). 

9. Transfer the crystal containing gel matrix into a high-viscosity injector. 

 

3.5.4. Tt-TD1  

1. Create a cryo solution with the same final concentrations of your crystallization 

solution but add erythritol to a final concentration of 20-25%. The presence of 

DMSO generally allows for a lower erythritol concentration. 

2. Place a 2 μL drop of the cryo solution on a siliconized coverslip. 

3. If necessary, remove precipitated protein or ligand from the crystal drop. 

4. Using a crystal loop, pull a Tt-TD1 crystal through the cryo solution. 

5. Freeze the crystal in a storage puck or mount directly at the beamline. 
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4. Notes 

1. HEPES dissolves better if there is water in the beaker first and the NaHEPES 

powder is added while stirring. 

2. The PIPES will only fully dissolve once enough KOH is added to get the pH to 

6.8. 

3. The EGTA will only fully dissolve once enough NaOH is added to get the pH to 

8.0. 

4. The plasmid is described in (Ozon et al., 1997) and (Ravelli et al., 2004). 

5. The gene encoding chicken TTL was amplified from a Gallus gallus whole brain 

cDNA library (BioChain), and transferred into the negative selection vector 

NSKn1 (Olieric et al., 2010). 

6. We use a 5 mL HiTrapTM IMAC HP from GE Helathcare. 

7. The DARPin D1 is described in (Pecqueur et al., 2012) and was cloned based on 

(Olieric et al., 2010). 

8. Lyophilized bovine brain tubulin is commercially available from multiple 

sources. We purchase our stocks from the Centro de Investigaciones Biológicas 

Margarita Salas (Microtubule Stabilizing Agent Group), CSIC, Madrid Spain. This 

bovine brain tubulin is purified according to (Draberova et al., 2010). 

9. T. thermophilia stocks can be purchased from the Tetrahymena Stock Center 

(https://tetrahymena.vet.cornell.edu). 

10. We use a 1 mL HiTrap DEAE Sepharose FF from GE Healthcare. 

11. We use PD-10 columns from GE Healthcare. 

12. The reference for the three-way-coupler is (James et al., 2019). 

13. Erythritol is not well soluble, but a highly concentrated solution is required to 

get a final concentration of 20-25% for the cryo solution. We recommend 

weighing the powder in a falcon tube, filling up with ddH2O, closing with 

Parafilm and then heating the falcon in a water bath. 

14. Our average RB3 yield is ~10 mg/L and we process 4 L of culture per 

purification. 

15. You can flash freeze the pellets and store them at -80°. 

16. Fill supernatant in falcon tubes and put the tubes in boiling water. The lysate 

should turn white and turbid. 

17. To measure the concentration of RB3 blank the spectrophotometer with RB3 

SEC buffer and measure the protein in triplicate. Use the extinction coefficient 
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ε = 1490 M-1cm-1 to obtain the molar concentration, and 0.089 Lg-1cm-1 to 

obtain the concentration in mg/mL. We use a Nanodrop-1000 instrument for 

concentration determination. 

18. Our average TTL yield is ~6 mg/L and we prepare 12 L of culture per 

purification. 

19. To measure the concentration of TTL blank the spectrophotometer with TTL 

SEC buffer and measure the protein in triplicate. Use the extinction coefficient 

ε = 54320 M-1cm-1 to obtain the molar concentration, and 1.226 Lg-1cm-1 to 

obtain the concentration in mg/mL. We use a Nanodrop-1000 instrument for 

concentration determination. 

20. Our average DARPin D1 yield is ~6 mg/L and we prepare 12 L of culture per 

purification. 

21. Analyze the eluted fractions to determine the cleavage efficiency. 

22. To measure the concentration of DARPin D1 blank the spectrophotometer with 

DARPin D1 SEC buffer and measure the protein in triplicate. Use the extinction 

coefficient ε = 6990 M-1cm-1 to obtain the molar concentration, and 0.416 Lg-

1cm-1 to obtain the concentration in mg/mL. We use a Nanodrop-1000 

instrument for concentration determination. 

23. A small white pellet may form. 

24. Parafilm is suitable. 

25. The supernatant will become turbid. 

26. A clear pellet will form. 

27. We permanently maintain a 100 mL culture at room temperature without 

shaking. We split the culture biweekly by inoculating 100 mL of fresh medium 

with 1 mL of T. termophila culture. 

28. Our average T. termophilia tubulin yield is ~0.4 mg/L. We advise to work with 

12 L or 24 L in parallel. 

29. At this stage, you can flash freeze the eluted fractions and store them at -80° 

C. 

30. To measure the concentration of T. thermophilia tubulin blank the 

spectrophotometer with PME buffer and measure the protein in triplicate. Use 

the extinction coefficient ε = 115000 M-1cm-1to obtain the molar 

concentration, and 1.13 Lg-1cm-1 to obtain the concentration in mg/mL. We use 

a Nanodrop-1000 instrument for concentration determination. 
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31. This can be sped up by putting the gel in staining solution into a microwave 

oven for 1 min, and then incubate for 10 min. 

32. We use PD-10 columns, and elute in 0.5 mL fractions. The tubulin is generally 

in fractions 2 to 6. 

33. To measure the concentration of mammalian tubulin for T2R-TTL preparation 

blank the spectrophotometer with tubulin desalting buffer and measure the 

protein in triplicate. Use the extinction coefficient ε = 115000 M-1cm-1 to obtain 

the molar concentration, and 1.13 Lg-1cm-1 to obtain the concentration in 

mg/mL. We use a Nanodrop-1000 instrument for concentration 

determination. 

34. TTL will initially precipitate, but go back into solution upon mixing. 

35. If necessary, the final volume can be adjusted with the flow-through from the 

previous concentration step. 

36. The complex can only be thawed once. 

37. To measure the concentration of mammalian tubulin for TD1 preparation 

blank the spectrophotometer with tubulin depolymerization buffer and 

measure the protein in triplicate. Use the extinction coefficient ε = 115000 M-

1cm-1 to obtain the molar concentration, and 1.13 Lg-1cm-1 to obtain the 

concentration in mg/mL. We use a Nanodrop-1000 instrument for 

concentration determination. 

38. Concentration of prepared DARPin D1 solution should be between 1.4 mM and 

1.5 mM. 

39. If available, we recommend SwissCI MRC2 plates and a pipetting robot to set 

up the initial screen. 

40. This procedure should be repeated for every batch of T2R-TTL prepared. 

41. The crystals appear within a day and grow to their fully size after 2-3 days. 

42. Determine the optimal PEG concentration each time you prepare a new batch 

of TD1, as this can vary. 

43. Batch-crystallization will finish after roughly 12 h, which is monitored by 

crystals sediment. 

44. Determine the optimal PEG concentration each time you prepare a new batch 

of Tt-TD1, as this can vary. 

45. Most times, it is unavoidable that the compound precipitates in the 

crystallization drop. While this does usually not matter, as long as the 
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precipitate is removed prior to harvesting the crystal, it should still be 

attempted to soak a crystal with a compound concentration below of the 

solubility limit of the compound.  

46. Try keeping the DMSO content as low as possible. If the solubility of the 

compound allows, use a concentration of 5 mM. Else, use the highest possible 

concentration. If the compound is available in powder form it can be dissolved 

directly in the T2R-TTL complex or TD1 complex; however, concentration 

determination will be inaccurate. 

47. The optimal condition will vary from the apo condition due to the presence of 

DMSO and compound. 

48. If air bubbles remain due to the high viscosity of the crystal suspension, insert 

the piston into the Hamilton syringe. Hold the front opening upwards and 

gently pipet up and down until the air bubbles are removed. 

49. Steadily press the two filled syringes into the empty syringe. Turn the three-

way-coupler by 120°, hold the (now empty) syringe at the bottom against a 

surface and press roughly 1/3 of the full syringe into the upper empty syringe. 

Hold up the three-way-coupler to remove the counter pressure on the lower 

syringe and start again at the beginning. Repeat this procedure 3-4 times. 
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A3. Crystal Structure of the Cyclostreptin-Tubulin Adduct: 

Implications for Tubulin Activation by Taxane-Site Ligands 

A3.1 Declaration of contribution 

The cyclostreptin project was a collaboration between various groups. For the structural elucidation 

of the cyclostreptin bound to tubulin, we hosted Dr. Francisco de Asís Balaguer from the group of Prof. 

Dr. Fernando Díaz in our lab for one month. During this time, I taught him the whole process involved 

in solving a tubulin crystal structure. Namely the expression and purification of the necessary proteins, 

complex formation and crystallization, compound soaking and crystal harvesting. With the support of 

Dr. Andrea Prota we collected data at the beamline and solved the structure. 

The paper was published in 2019 under the title “Crystal Structure of the Cyclostreptin-Tubulin 

Adduct: Implications for Tubulin Activation by Taxane-Site Ligands” in the International Journal of 

Molecular Science. 
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Abstract: It has been proposed that one of the mechanisms of taxane-site ligand-mediated tubulin 
activation is modulation of the structure of a switch element (the M-loop) from a disordered form in 
dimeric tubulin to a folded helical structure in microtubules. Here, we used covalent taxane-site ligands, 
including cyclostreptin, to gain further insight into this mechanism. The crystal structure of 
cyclostreptin-bound tubulin reveals covalent binding to βHis229, but no stabilization of the M-loop. The 
capacity of cyclostreptin to induce microtubule assembly compared to other covalent taxane-site agents 
demonstrates that the induction of tubulin assembly is not strictly dependent on M-loop stabilization. 
We further demonstrate that most covalent taxane-site ligands are able to partially overcome drug 
resistance mediated by βIII-tubulin (βIII) overexpression in HeLa cells, and compare their activities to 
pironetin, an interfacial covalent inhibitor of tubulin assembly that displays invariant growth inhibition in 
these cells. Our findings suggest a relationship between a diminished interaction of taxane-site ligands 
with βIII-tubulin and βIII tubulin-mediated drug resistance. This supports the idea that overexpression 
of βIII increases microtubule dynamicity by counteracting the enhanced microtubule stability promoted 
by covalent taxane-site binding ligands. 
 
Keywords: cyclostreptin; tubulin; microtubules; multidrug resistance; taxanes 
 

 
   1. Introduction 

Microtubule-based chemotherapy is one of the most effective treatment options for both solid tumors 
and hematological malignancies [1,2] and continues to be used even in combination with new 
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molecularly targeted approaches, including immunotherapies [3]. The identification of several classes of 
natural products that bind tubulin/microtubules has informed on multiple, discrete binding sites that can 
affect microtubule structure and dynamicity. These include microtubule destabilizing sites characterized 
by the binding of maytansine, the vinca alkaloids, eribulin, colchicine, and pironetin. In contrast, 
binding to the taxane-, the laulimalide-, or in the case of triazolopyrimidines, the vinca-site results in net 
microtubule stabilization. To date, only three of these sites are targeted by cancer chemotherapies: the 
maytansine (using maytansine as an antibody-drug conjugate (ADC)), the vinca (vinca alkaloids, 
eribulin, and monomethylauristatin E as a part of an ADC) [4] and the taxane (paclitaxel, docetaxel, 
cabazitaxel, and ixabepilone) site [5]. 
The successful use of maytansine and auristatin loaded ADCs indicates that these potent cytotoxic agents 
are extremely effective anticancer drugs when used as the warheads of tumor-targeting antibodies. It 
could be speculated that compounds targeting the taxane-site delivered with an antibody could similarly 
be a promising ADC strategy with a higher therapeutic index. However, the development of ADCs 
necessitates compounds with an extremely high affinity or a covalent mode of action that can effectively 
engage the target, in spite of the lower concentrations delivered to the tumor by this method. 
Additionally, compounds that bind tubulin covalently are not susceptible to efflux by P-glycoprotein or 
other membrane efflux pumps due to the covalent nature of the interaction, thus escaping a major 
clinically relevant mechanism of resistance to chemotherapy [6–8]. 
Four classes of compounds that covalently bind to tubulin to modulate microtubule polymerization have 
been described (Figure1). Pironetin perturbs key secondary structural elements at the interdimer 
interface by covalently binding to αCys316 (note that the tubulin residue numbering of [9] is employed 
in this manuscript), thereby preventing tubulin polymerization [10,11]. The other three classes of 
compounds bind to the taxane-site and function as microtubule stabilizing agents. Taccalonolides AF 
and AJ bind to βAsp226 [12], while zampanolide binds to βHis229 [8]. The fourth covalent tubulin 
binding compound is cyclostreptin [13], a weak tubulin polymerization enhancer, which has been 
described to covalently interact with tubulin at βThr220 and βAsn228 [6]. βThr220 is located at the 
pore site 1, which has been postulated to facilitate the entry of taxane-site ligands to their luminal 
binding site. Little is known about the structural mode of action of cyclostreptin. 
 

Figure 1. Chemical structures of covalent tubulin-binding compounds employed in this study. 
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Recent studies of microtubules and tubulin-bound taxane-site targeting agents [14,15] have shed light 
on the structural mechanisms of action of taxane-site ligands, but the matter is far from being fully 
understood. Epothilone A and zampanolide promote lateral protofilament association by stabilizing the 
S7-H9 loop (M-loop), a key secondary structural element establishing lateral contacts between adjacent 
protofilaments [14]. Paclitaxel-induced microtubule stabilization, which compensates for the 
contraction of the lattice resulting from the nucleotide hydrolysis, acts by stabilizing longitudinal 
interfaces to straighten protofilaments [15]. It has been described that epothilones, dictyostatins, 
zampanolides, and discodermolides all connect the base of the M-loop with β-tubulin helices H6 and 
H7, while paclitaxel would achieve a similar effect by connecting helices H1 and H7 with the M-loop 
[16,17]. In the case of taccalonolide AJ, the high-resolution crystallographic data [12] show the M-loop 
in an unordered conformation; likewise hydrogen-deuterium exchange experiments [18] indicate that 
the taccalonolides do not promote M-loop stabilization. Hence, it is likely that different microtubule-
stabilizing agents (MSA) targeting the taxane-site have distinct mechanisms of action. 
In the work described in this manuscript we have employed a multidisciplinary approach involving 
biochemical techniques and structural biology to understand how tubulin assembles into stable 
microtubules as a result of the binding of small molecules to the taxane-site. We utilize the different 
biochemical and structural properties of the covalent microtubule binders zampanolide, taccalonolide 
AJ, and cyclostreptin to reveal the structural basis for drug-induced microtubule assembly. 
 
   2. Results 

1.1. Cyclostreptin Covalently Binds to the Taxane-Site and Does Not Induce M-Loop Folding 

To obtain the structure of cyclostreptin bound to the two previously described binding sites (the pore 
site (binding at βThr220) and the taxane-site (binding at βAsn228) [6,19]), we prepared adducts under 
different conditions. First, using conditions in which the adduct at βThr220 should be predominant, the 
reaction was complete after 4 h at 25 ◦C, according to HPLC analysis (Figure S1A). The integrity of 
the protein after the treatment was further confirmed by the ability to assemble into microtubules 
(Figure S1B). In a second experiment, microtubules were prepared under conditions, where the 
principal reaction should occur at βAsn228 [6]. Those microtubules were subsequently depolymerized 
yielding tubulin dimers bound to cyclostreptin. The tubulin-cyclostreptin adducts obtained from the two 
experiments were finally assembled into T2R-TTL complexes to perform the crystallization 
experiments as described in the “Methods” section. The crystal structures were solved to 1.9Å resolution 
by X-ray crystallography and the T2R-TTL-cyclostreptin complexes superimposed well with the one 
obtained in the absence of a ligand (PDB ID 4I55, rmsdoverall of 0.415Å over 2062 Cα-atoms), thereby 
suggesting that cyclostreptin-binding does not affect the overall conformation of tubulin (Figure 2A). 
Surprisingly, both of the above approaches for the preparation of covalent tubulin-cyclostreptin adducts 
led to crystals featuring positive electron density at the taxane-sites on both β-tubulin subunits (Figure 
2A). We found cyclostreptin covalently linked to βHis229 in both cases, while no interaction with 
βAsn228 or βThr220 was detected. These findings demonstrate that cyclostreptin attaches to the 
taxane-site exclusively by reaction with βHis229 (Figure 2B,C). The non-covalent interactions with the 
binding site do not include any hydrogen bonds or salt bridges, and comprise hydrophobic contacts 
between the methyl groups C7, C22, and C28, and Asp226, Leu217, and Ala233, and between core ring 
E (Figure1) with Leu371, respectively (Figure 2B,C). 
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Figure 2. X-ray structure of the tubulin–cyclostreptin complex. (A) Overall view of the T2R–TTL–
cyclostreptin complex (6QTN). Tubulin (gray), RB3 (blue) and tubulin tyrosin ligase (TTL) (green) are 
shown in ribbon representation. Cyclostreptin (pink) is depicted in sphere representation, and the nucleotides 
of α and β tubulin are shown in orange spheres. (B) Close-up view of the taxane and nucleotide sites of 
GDP-bound β-tubulin in the complex (gray ribbon) with cyclostreptin (pink sticks) bound to βHis229, 
superimposed with guanosine triphosphate (GTP)-bound β-tubulin (5XP3) (cyan ribbon). (C) Surface 
representation of the taxane binding site with cyclostreptin (pink sticks) bound. (D) Mechanism of the 
reaction between cyclostreptin and βHis229. 

In order to understand the discrepancy between these crystal structures and previous MS/HPLC results, 
we performed a higher precision MS analysis (Figure 3). We found that βHis229 is modified by 
cyclostreptin in the β-tubulin-derived tryptic peptide containing the sequence 
β219LTTPTYGDLNHLVSATMSGVTTCLR243. This histidine residue is contiguous with the previously 
characterized cyclostreptin interacting residue βAsn228 [6,19]. The proximity between the two residues, 
in combination with the low resolution provided by the hybrid triple quadrupole measurement that was 
used to analyze the cyclostreptin adduct previously, likely resulted in an error in the assignment of the 
ions since only signals with very low intensity could be used to determine the site of modification 
[6,19]. High resolution of the orbital traps greatly increases the sensitivity and specificity of the 
characterization. Thus, the greater accessibility of βHis229 and its crucial reactive role with other 
taxane-site ligands strongly suggests that the previous assignment of the reaction site to βAsn228 was 
erroneous and that the residue mediating cyclostreptin binding to tubulin is βHis229. 
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Figure 3. Mass spectrometry analyses of the cyclostreptin-tubulin adduct. (A) Vseq results of the 
cyclostreptin adduct of the beta tubulin-derived tryptic peptide spanning the sequence 
LTTPTYGDLNHLVSATMSGVTTCLR. Low error fragments (less than 30 ppm) were intense signals in 
the corresponding fragmentation spectrum and belong to one of the main fragmentation series derived by 
HCD (b and y series) as can be observed in (B). (C) Pinpointing of the exact position of the cyclostreptin 
modification. Vseq determined the Dmass corresponding to cyclostreptin (400.2 Da) and it mapped the 
modification in the H11 residue, since b11 and y15 fragments were unambiguously detected with the Dmass 
(labeled as a white triangle in (B) and with an * in (C)). The corresponding fragmentation spectrum showing 
the different fragments assigned is displayed in (D). 

Although the final structure showed an overall folding essentially identical to the apo-state (Figure 2B), 
the βT5 loop was found in a GTP-bound conformation (Figure 2B) [ 20] in spite of the fact that the 
nucleotide found in the nucleotide pocket is GDP and not GTP. Cyclostreptin (Figure 1) is characterized 
by a highly strained core structure, leading to high reactivity of the double bond between C2–C17. Both 
the acylation of a nucleophile through attack on C1 or the addition of a nucleophile to C17 would be 
reasonable modes of covalent bond formation, as they would both lead to the release of strain created by 
the presence of the C2–C17 bridgehead double bond. The electron density related to cyclostreptin 
allowed us to unequivocally establish that the reaction of cyclostreptin with βHis229 occurs at C17 of 
the ligand, i.e., by 1, 4 addition of Nτ of the histidine side chain to the enolate double bond. (Figure 2D). 
This finding correlates with the strict need of the C2–C17 double bond for activity. 
 

1.2. Implications of M-Loop Structuring by Taxane-Site Ligands 

Taxane-site ligands have been proposed to induce microtubule assembly by driving M-loop folding into 
a helical structure observed in the assembled form [21]. The energy required to structure the M-loop in 
the assembly process is provided through the binding of the ligand, which makes the assembly reaction 
thermodynamically more favorable [14]. βHis229 is a key residue for the interaction of drugs with the 
taxane-site as described in several structural studies by X-ray crystallography, NMR and cryo-electron 
microscopy, which comprise complexes of tubulin with zampanolide and epothilone [14], dictyostatin 
[16], discodermolide (DDM), and the DDM-paclitaxel-hybrid KS-1-199-32 [17], taccalonolide AJ [12], 
docetaxel [22], and paclitaxel [15]; it is therefore an ideal candidate to be the reactive residue. 
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To gain further insight into the detailed mechanism that controls M-loop structuring, we superimposed 
all available crystal structures of taxane-site ligand-tubulin complexes and compared the ligand 
environment in the binding site. Based on the observed structural features, these taxane-site ligands can 
be subdivided into two groups, those that induce helical M-loop structuring, and those that show little 
to no effect on M-loop conformation (Figure 4). All ligands show common hydrophobic interaction 
points with helices βH6, βH7 and the M-loop base to different extents, which comprise βLeu217, 
βLeu219, βLeu230, βAla233, and βLeu275, and both the reactive side chains of βAsp226 and 
βHis229. 
 

Figure 4. M-loop structuring by taxane-site binding agents. (A). Superposition of the T2R-TTL- cyclosteptin 
structure (6QTN, salmon) onto the taxane-sites of the corresponding T2R-TTL-zampanolide (dark green, 4I4T, 
chain D, rmsd 0.175 Å, 371 Cα atoms), -epothilone (pale green, PDB ID 4I50 on chain D, rmsd 0.234 Å, 
358 Cα atoms) and -DDM-paclitaxel hybrid KS-1-199-32 (lime green, 5LXS on chain D, rmsd 0.159 Å, 348 
Cα atoms) complexes, highlighting the structuring of the M-loop into a helical conformation in two 
orientations. (B) Superposition of the T2R-TTL-cyclosteptin structure (salmon) onto the taxane-sites of the 
corresponding T2R-TTL-DDM (pink, PD 5LXT on chain D, rmsd 0.152 Å, 378 Cα atoms) and –
taccalonolide AJ (yellow, 5EZY on chain D, rmsd 0.187 Å, 369 Cα atoms) complexes, highlighting partial 
structuring with no detectable helical conformation. The backbones of the proteins are displayed in ribbon; the 
ligands are in stick and semi-transparent surface representation, respectively. Key interacting residues and 
secondary structural elements discussed in the text are labeled in black and blue, respectively. 
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The first group of compounds, which comprises zampanolide (PDB ID 4I4T), epothilone A (PDB ID 
4I50) and the DDM-paclitaxel hybrid KS-1-199-32 (PDB ID 5LXS), establishes extensive interactions 
with the M-loop through their corresponding sidechains, resulting in the induction of helical structuring 
(Figure 4A). The second group, which comprises discodermolide (DDM, PDB ID 5LXT) [17], 
dictyostatin (PDB ID 4MF4) [16] and taccalonolide AJ (PDB ID 5EZY) [12], features additional 
interactions with βArg278 and βGln282 but promotes only partial M-loop structuring with no detectable 
helical conformation (Figure 4B). This leads to the hypothesis that helical structuring requires more 
extensive interactions as provided by the side chains of group I compounds, and is further supported by 
the taccalonolide AJ-bound β-tubulin structure, where the observed disordered M-loop conformation is 
in agreement with hydrogen-deuterium exchange experiments [18] that indicate no structuration of the 
M-loop. 
The covalent binding of cyclostreptin to βHis229 allows establishing comparable, but less extensive 
hydrophobic contacts shared among both classes of compounds. Moreover, the A ring moiety of 
cyclostreptin (Figure 1) occupies a space that is otherwise occupied by the βArg278 side chain. These 
observations suggest that covalent cyclostreptin-binding to βHis229 restricts βH7 dynamicity and 
sterically precludes M-loop structuring in a similar fashion as observed for the group II compounds. 
 

1.3. Assembly Promoting Activity of Covalent Taxane-Site Binding Agents 

Our cyclostreptin structure indicated that taxane-site ligands may favor microtubule assembly not only 
by assisting (at least partially, as for discodermolide, taccalonolide AJ and dictyostatin) folding of the 
M-loop in unassembled tubulin heterodimers in solution but also by other mechanisms. However, we 
also considered the possibility that the differences observed between diverse ligands with regard to 
folding of the M-loop could be related to differences in the assembly-promoting activities of these 
compounds. Thus, we measured the assembly-promoting activity of all three compounds that are known 
to bind covalently within the taxane-site (zampanolide, taccalonolide AJ, and cyclostreptin) by assaying 
tubulin polymerization under conditions where microtubule assembly does not occur on its own 
(phosphate buffer without glycerol) [23] (Figure 5). Under these conditions assembly and ligand binding 
are tightly linked and only ligated protein can assemble, thus allowing a direct determination of the 
elongation constant for the addition of a ligated dimer to the microtubule end (Kel) [24], which is the 
inverse of the critical concentration of tubulin required for assembly [25]. Since taxane-site ligand-
induced microtubule assembly is Mg2+ dependent [24], we also evaluated both low (3 mM) and high (7 
mM) Mg2+ concentrations [23,24]. We found that at low Mg2+ concentrations (Figure 5A) only 
zampanolide (red line) induced microtubule assembly, whereas cyclostreptin (blue line) and 
taccalonolide AJ (green line)-treated tubulin remained unassembled (no difference to the vehicle-treated 
controls) (black line). At high Mg2+ concentrations (Figure 5B) all three compounds induced tubulin 
assembly. However, the increase of the signal (which is related to the number and length of microtubules 
assembled) and the lag time (which reflects to the nucleation step during initial microtubule 
polymerization) were different. Zampanolide (red line) produced a strong initial rate of microtubule 
assembly, which correlates with its ability to rapidly induce tubulin assembly also at lower Mg2+ 

concentrations. Consistent with previous reports, taccalonolide AJ-induced assembly (green line) 
displayed a lag time of ~20 min [18] with a maximal signal corresponding to approximately half of that 
for zampanolide. Cyclostreptin (blue line) demonstrated a polymerization lag of >20 min and a 
maximum signal half that of taccalonolide AJ. 
These results closely correlate the M-loop stabilization states found in zampanolide and cyclostreptin 
structures with the assembly promoting activity of these compounds.  Importantly, the DDM-paclitaxel 
hybrid (KS-1-199-132), which interacts with and stabilizes the M-loop (5LXS) also displays a higher 
assembly promotion activity than discodermolide despite a lower binding affinity [17]. 
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Figure 5. Time course of assembly of 25 µM tubulin in 10 mM sodium phosphate, 1 mM ethylene diamine 
tetraacetic acid (EDTA), 1 mM GTP, pH 7.0 supplemented with either (A) 3 mM or (B) 7 mM MgCl2, final 
pH 6.7 in the presence of 27.5 µM zampanolide (red line), taccalonolide AJ (green line), cyclostreptin (blue 
line) or dimethylsulfoxide (DMSO) (vehicle, black line). 

1.4. Potency of Covalent Binders in βIII-Tubulin Expressing Paclitaxel-Resistant Cells 

It is well established that, in addition to P-glycoprotein overexpression, βIII-tubulin isotype expression 
is a main clinical determinant of resistance to tubulin-targeted therapy [26–28]. Therefore, we evaluated 
the potency of the covalent tubulin binding agents to inhibit the growth of βIII-tubulin overexpressing 
HeLa cells as compared to isogenic controls to determine whether covalent binding was sufficient to 
circumvent this mechanism of resistance (Table1). 

Table 1. IC50 1 (nM) of covalent compounds in HeLa and in HeLa βIII-tubulin overexpressing paclitaxel 
resistant cells. 

Compound HeLa IC50 (nM) 
HeLa βIII IC50 

(nM) 
R/S ratio 2 

Zampanolide 0.045 ± 0.007 0.22 ± 0.06 4.9 
Cyclostreptin 19.3 ± 0.3 53.8 ± 4.3 2.8 

Taccalonolide AJ 6.2 ± 0.3 9.6 ± 1.2 1.6 
Pironetin 6.9 ± 1.6 3.9 ± 0.5 0.6 
Paclitaxel 1.6 ± 0.3 25.7 ± 0.1 16.6 

1 IC50 values for inhibiting the growth of a HeLa cervical carcinoma cells expressing the βIII isotype of tubulin as 
compared to the isogenic parental line. 2 The resistance index (R/S) is obtained by dividing the IC50 of the βIII-
expressing HeLa cell line by that of the parental HeLa cell line. Values represent the mean standard error of three 
independent experiments. 
 
As expected [7], βIII-tubulin expressing HeLa cells were resistant to paclitaxel with a resistance index 
of 16.6 as compared to the isogenic parental line (Table 1). While these cells were less resistant to 
cyclostreptin, taccalonolide AJ, and zampanolide with resistance indices of 2.8, 1.6, and 4.9 respectively, 
cells overexpressing βIII-tubulin were still somewhat resistant to these covalent tubulin binding agents. 
Conversely, pironetin, a covalent binder that targets the interdimer interface resulting in microtubule 
destabilization, is able to fully overcome this resistance with a resistance index of 0.6, suggesting that 
cells overexpressing βIII-tubulin were actually more sensitive to the drug than the parental line. These 
results suggest that covalent binding to tubulin facilitates overcoming βIII-tubulin-mediated drug 
resistance but with a greater impact when binding to the interdimer interface to destabilize microtubules 
than at the taxane-site to stabilize microtubules. 
 
   3. Discussion 

1.5. Cyclostreptin Interaction with βHis229 of the Taxane-Site Induces Tubulin Assembly 
Without Structuration of the M-Loop 

A detailed understanding of the structural and thermodynamic mechanisms employed by covalent 
microtubule stabilizers is crucial in order to design and develop compounds with optimal 
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properties. The thermodynamic properties of the binding of non-covalent microtubule stabilizers are 
based on the difference in affinity of the ligand between the unassembled tubulin heterodimer Kbin1 
(Scheme 1) and the assembled microtubule Kbin2. Compounds that have higher affinity for the 
polymerized state than for the unassembled curved state Kbin2>>Kbin1 displace the assembly equilibrium 
towards the right part of the reaction by decreasing the free concentration of unliganded microtubules 
[Mtb+1] towards the liganded assembled species [Mtb+1-Lig] [24,29] (Scheme 1). 

 

Scheme 1. Reaction scheme of reversible ligand-induced tubulin assembly. 

The structural reasons for this difference in binding affinity for the dimer and the microtubule are not 
yet clear. In the case of the epothilones, which induce a structural change in the M-loop, the differences 
in binding affinity might arise from the difference in the M-loop structure between the straight 
assembled form, in which the loop is structured [21] and the curved unbound form, in which the loop 
is unstructured [20]. When an epothilone binds to unassembled tubulin, part of the energy of binding 
has to be employed to structure the M-loop; this is not required in the assembled form where the M-
loop is already structured. Therefore, the free energy of binding to the assembled microtubule with the 
structured M-loop is lower than binding to the unassembled tubulin heterodimer with an unstructured M-
loop. However, dictyostatin or discodermolide binding within the taxane-site promotes microtubule 
stabilization without fully structuring the M-loop [16,17], demonstrating a lack of a full understanding 
of the differences in affinity of taxane-site drugs between the assembled and unassembled forms of 
tubulin. 
In the case of compounds that covalently bind to the taxane-site (zampanolide, cyclostreptin, and the 
taccalonolides) there is no difference in affinity for the unassembled and the assembled forms because 
the binding reaction is irreversible. In this case, the assembly induction should arise from a higher 
affinity (Kel2) of the adducted protein for the microtubule end as compared to the non-adducted protein 
(Kel1) (Scheme 2). Since 1/K el is equal to the critical concentration for tubulin assembly [24,25], the 
increase in binding affinity results in a decrease in the tubulin concentration required for assembly. 

 

Scheme 2. Reaction scheme of irreversible ligand-induced tubulin assembly. 

Previous structural studies have shown that M-loop structuring is promoted by ligands with their 
respective side chains capable of establishing extensive interactions with the M-loop, as observed in the 
tubulin-complexes of zampanolide and epothilone [14] or the DDM-paclitaxel hybrid KS-1-199-32 [17]. 
Accordingly, since the M-loop is structured in the assembled form, the energy required to structure 
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the M-loop in the non-adducted form has to be subtracted from the energy provided by the tubulin dimer 
addition to the microtubule end, which would not be the case if the M-loop is structured (in the adduct). 
This implies that the free energy of binding of the adduct to the microtubule end will be lower, and thus 
the adduct would be more prone to assembly than the non- modified protein Kel2>>Kel1. The 
observation that the DDM-paclitaxel hybrid KS-1-199-32, which in contrast to DDM, stabilizes the M-
loop into a helical conformation, has a lower affinity for microtubules than DDM itself, but has more 
assembly promotion activity [17], further supports the hypothesis that structuration of the M-loop is 
relevant for promotion of assembly. 
It should be mentioned that in chain D of the presented cyclostreptin complex the βT5-loop adopts the 
conformation observed for the GTP bound state despite of having GDP bound at the E-site. A closer 
inspection of the electron densities defining the βT5-loop conformations present in all available crystal 
structures of taxane-site ligand-tubulin complexes reveals a preference for the GTP state, with a few 
structures featuring both conformational states of the βT5-loop (Zampanolide, Epothilone A). One 
exception is dictyostatin, one of the best microtubule stabilizers having a moderate tubulin-binding 
affinity [16,23]. In the tubulin-dictyostatin complex the M-loop is not fully structured and the βT5 loop 
is in the GDP state. These observations suggest a potential implication of the βT5-loop in a common 
mechanism of tubulin activation for assembly promoted by taxane-site ligands, however, more detailed 
structural information is needed to allow a conclusive statement to support this hypothesis. 
Our high-resolution structure of cyclostreptin-bound tubulin together with new MS-HPLC experiments 
performed at a higher resolution challenge our previous hypothesis of cyclostreptin binding to βAsn228 
and βThr220 [6] and instead demonstrates that cyclostreptin unequivocally interacts with βHis229, a 
residue which is known to be responsible for the lack of sensitivity of yeast tubulin to paclitaxel [30]. 
In fact, given the key role of βAsn228 in stabilizing the guanine nucleotide at the E-site with two 
hydrogen bonds, a cyclostreptin interaction with this residue would severely affect nucleotide binding, 
which is not the case [31]. There is also no evidence supporting the βThr220 adduct we observed 
previously [6]. However, we cannot discard possible cyclation events in the mass analyzer during the 
fragmentation that prevents its detection. Considering a lack of extra density in the region of βThr220 in 
the crystal structure, we suggest that, if this adduct exists, it is in a proportionally low or brief transient 
state. 
In spite of the fact that cyclostreptin lacks the ability to stabilize the helical conformation of the M-
loop, it weakly induces tubulin assembly, supporting its function as a microtubule stabilizing agent likely 
through stabilization of the βT5 loop in the GTP conformation. Although the results support the 
relevance of progressive M-loop structuration in the potency of tubulin assembly induction as proposed 
previously [14], this M-loop stabilization is not essential for drug-induced microtubule polymerization 
by taxane-site ligands. Stabilization of longitudinal interactions is also likely to result in a stabilizing 
effect as previously proposed [15]. 

1.6. Cytotoxicity of Tubulin Covalent Binders and Effect on Cancer Cell Resistance 

The two main clinically relevant mechanisms of drug resistance of tubulin-targeting agents are 
expression of drug efflux pumps (P-glycoprotein, MDR-1, BCRP) belonging to the ATP-binding cassette 
family of proteins [32,33], which results in multidrug resistance, and expression of the βIII-tubulin 
isotype [26,28,34–37]. It is known that covalent tubulin binding agents circumvent resistance due to 
drug efflux pumps [6–8,38] but the effect of covalent binding on resistance to βIII-tubulin isotype 
expression has not yet been studied in depth. 
It has been proposed that the resistance of tubulin-stabilizing chemotherapeutics in βIII-tubulin 
expressing cells arises from defective binding to the taxane-site of βIII-tubulin [39–41]. On the other 
hand, Kavallaris et al. [35] proposed that it is highly unlikely that the mechanism of resistance is a direct 
result of the effects of taxanes on βIII-tubulin. Instead, it has been suggested that βIII-tubulin has a role 
as a cellular survival factor, since it is expressed under conditions of cellular stress, such as hypoxia [42] 
or glucose deprivation [43], and regions of ischemic necrosis in glioblastoma tumors express high levels 
 



Int. J. Mol. Sci. 2019, 20, 1392 
 

LIII 
 

 
of this isoform [44]. Finally, the Jordan group [45] proposed that the resistance is because βIII-tubulin 
incorporation makes microtubules less responsive to the suppressive effects of paclitaxel, thus allowing 
cells to maintain sufficiently rapid microtubule dynamics even in the presence of paclitaxel. 
The use of covalent binders to investigate the mechanism of βIII-tubulin-mediated resistance has the 
advantage of eliminating the parameter of binding affinity. In principle, when studying a covalent 
binding agent, the rate and extent of drug binding will not be affected by a mutation in the binding 
site as long as it is able to bind with fast on rate. As an example, zampanolide has been found to 
be active in cells with paclitaxel/epothilone and laulimalide/peloruside resistance mutations and 
attempts to generate a zampanolide resistant cell line by mutagenesis have so far been unsuccessful 
[46]. Considering that the rate of binding of compounds to the taxane-site is very fast, [47–50], it would 
be expected that differences in the rate of binding would be irrelevant to potency in long-term 
antiproliferative assays. Zampanolide is the most potent of the three covalent microtubule stabilizers with 
an IC50 in HeLa cells of 0.045 nM. Taccalonolide AJ has an IC50 of 6.2 nM in this cell line with 
cyclostreptin having an IC50 of 19 nM, suggesting a direct relationship between the promotion of purified 
tubulin assembly and potency for inhibition cellular proliferation, as previously proposed [23]. 
When we assessed the antiproliferative potency of covalent microtubule stabilizers in HeLa cells 
overexpressing the βIII-tubulin isotype, we found that they were less susceptible to this form of 
resistance than paclitaxel. The finding that irreversibly binding ligands are less susceptible to βIII-
tubulin-mediated resistance than reversible ligands, demonstrates that binding has a role in βIII-tubulin 
resistance. However, it is important to note that each of the covalent compounds still demonstrated 
partial (2–5-fold) resistance to the βIII-tubulin overexpressing line as compared to the parental line. 
The inability to completely overcome this mechanism of resistance through covalent binding supports 
the binding-independent roles of βIII-tubulin in drug resistance described above. Importantly, the use 
of the covalent microtubule destabilizer pironetin allowed us to distinguish between the proposed 
mechanisms of βIII-tubulin as a survival factor and as a mediator of microtubule dynamics. Pironetin 
completely overcomes βIII-tubulin-mediated resistance and is actually 1.7-fold more potent in the βIII-
tubulin overexpressing line than in the parental cell line. Since pironetin does not bind to the taxane-
site it would be expected to be completely insensitive to any change in the binding site. If the role of 
βIII-tubulin in the resistance is as a cell survival factor we would anticipate that both covalent stabilizers 
and destabilizers would be similarly impacted by βIII-tubulin overexpression, which is not the case. The 
fact that βIII-tubulin overexpressing cells are more sensitive to pironetin than the parental cells is instead 
consistent with a mechanism of resistance that involves counteracting microtubule stabilization. 
Therefore, as suggested previously [51], we propose that βIII-tubulin mediated resistance to the taxanes 
occurs both through decreased drug binding as well as by counteracting their effects on microtubule 
stability. 
 
   4. Materials and Methods 

1.7. Proteins and Chemicals 

Purified calf brain tubulin, and chemicals were as described [52]. The stathmin-like domain of rat RB3 
and the chicken TTL proteins preparations were done as described previously [53,54]. Cyclostreptin 
was synthesized as described [55]. Zampanolide was synthesized as described [8]. Taccalonolide AJ 
was prepared as described [18]. Pironetin was kindly provided by Juan Murga (UJI). 
 

1.8. Cell Culture 

An isogenic couple of HeLa S3 and HeLa βIII [56] cells were selected to investigate the influence of 
βIII-tubulin overexpression in the sensitivity to covalent tubulin binders. These cells were selected to 
allow a direct comparison of the results to previously published studies [16,57,58]. They were cultured 
in Dulbecco Modified Eagle Medium supplemented with 10% fetal calf serum, glutamine (2 mM), 
gentamycin (40 µg/mL), penicillin (100 IU/mL), and streptomycin (100 µg/mL). The medium 
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for HeLa βIII cells was additionally supplemented with geneticin (0.5 mg/mL). Antiproliferation assays 
were performed as described [23]. The statistical significance of differences in IC50 values were 
evaluated using the t-test option implemented in the Sigma Plot 13 software package (version 13, Systat 
Software, Inc., San Jose, CA, USA). 
 

1.9. Time Course of Binding of Cyclostreptin to Dimeric Tubulin 

Samples containing 20 µM tubulin and 25 µM cyclostreptin were incubated at 25 ◦C in PEDTA buffer 
(10 mM NaPi, 1 mM EDTA and 1.5 mM MgCl2, pH 7.0) plus 0.1 mM GTP. Samples were taken at 
different times (0J, 30J, 1 h, 2 h, and 4 h) and extracted three times with 1 v/v of dichloromethane. 
Samples without tubulin were used as a control. Ligand was quantified by HPLC-MS as described [6]. A 
sample of the complex at 4 h was stained with uranyl acetate and visualized by electron microscopy as  
described  [59]  to  confirm  that  tubulin  protein  remained  unpolymerized  in  these  conditions. The 
integrity of the protein was confirmed by checking the assembly capacity of the protein at different times 
by warming up samples taken at each time to 37 ◦C for 30J. Samples were then centrifuged at 50,000 
rpm for 20 min and amount of pelleted protein was measured spectrofluorometrically at λexc 285nm 
and λems 323 nm. 
 

1.10. Tubulin Assembly in the Presence of the Drugs 

Samples of 25 µM tubulin in 10 mM sodium phosphate, 1 mM EDTA, 1 mM GTP, pH 7.0 were 
supplemented with either 3 mM or 7 mM MgCl2, final pH 6.7. Then 27.5 µM zampanolide, 
taccalonolide AJ, cyclostreptin or DMSO (vehicle) were added. The samples were warmed to 37 ◦C 
and the assembly of tubulin followed by turbidimetricaly at 350 nm in a Thermo Scientific Multiskan 
Sky plate reader. 
 

1.11. Tubulin-Cyclostreptin Adduct Formation, Crystallization, Data Collection, and Structure 
Determination 

Two approaches were performed to form the tubulin-cyclostreptin adduct for crystallization. In the first 
approach, the adduct was prepared by incubating 20 µM tubulin with 80 µM cyclostreptin in PEDTA 
1.5 mM MgCl2 pH 7.0 buffer for 4 h at 25 ◦C. To prepare the T2R-TTL-cyclostreptin complex, which 
contains two tubulin heterodimers, one TTL and one RB3 molecule, the proteins were mixed and 
concentrated (Amicon MWCO 10) at 4 ◦C to a final complex concentration of 20 mg/mL. 
In the second approach, microtubules were first assembled from 20 µM tubulin in 3.4 M glycerol, 10 
mM sodium phosphate, 1 mM EGTA, 6 mM MgCl2, and 0.1 mM GTP pH 6.5 for 30 min, and 
subsequently incubated with 80 µM cyclostreptin for 3 h at 37 ◦C. Microtubules were then disassembled 
by the addition of 4.5 mM EDTA and RB3 and further incubated at 4 ◦C for 1 h. Finally, TTL was added 
and the complex was concentrated as described above. 
Both the T2R-TTL-cyclostreptin samples were supplemented with 10 mM DTT, 0.1 mM GDP and 1 
mM Alpha,beta-Methyleneadenosine triphosphate (AMPCPP) before setting up crystallization 
experiments by the sitting-drop vapor diffusion technique at 20 ◦C. Considering known conditions from 
previous structures [10,14,16,60,61] we initially screened with a gradient of 0–7% PEG 4000 and 0–
11% glycerol and further optimized the conditions. The best crystals grew in 6% glycerol, 3% 
PEG4000, 0.1 M MES/imidazole pH 6.7, 30 mM CaCl2, 30 mM MgCl2, and 5 mM L-tyrosine. 
For data collection, crystals were collected directly from the drop and subsequently transferred into 
reservoir supplemented with 16 and 20% glycerol in two steps. X-ray diffraction data were collected at 
the beamline X06DA of the Swiss Light Source (Paul Scherrer Institut, Villigen PSI, Switzerland). 
Images were indexed and processed using XDS [62]. Structure solution using the difference Fourier 
method (template model PDB ID 5LXT) and refinement were performed using PHENIX [63]. Model 
building was carried out iteratively using the Coot software [64]. Data collection and refinement 
statistics are given in the Table  S1.  All the figures were prepared with PyMOL   (The PyMOL 
Molecular Graphics System, Version 2.0, Schödinger LLC, New York, NY, USA, 2017). 
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1.12. Mass Spectrometry Analysis 

Tubulin samples were digested with modified porcine trypsin (Promega) at a final ratio of 1:50 (trypsin-
protein). Digestion proceeded overnight at 37 ◦C. After digestion, samples were vacuum-dried and finally 
dissolved in 1% acetic acid for LC-MS analysis. The resulting peptide mixtures were subjected to nano-
liquid chromatography coupled to mass spectrometry for protein identification. Peptides were injected 
onto a C-18 reversed phase nano-column (75 µM I.D. and 50 cm, Acclaim PepMap, Thermo Fisher 
Scientific, Waltham, MA, USA) and analyzed in a continuous acetonitrile gradient consisting of 0–40% 
B in 120 min, 50–90% B in 1 min (B= acetonitrile, 0.1% formic acid). A flow rate of 200 nL/min was 
used to elute peptides from the RP nano-column to an emitter nanospray needle for real time ionization 
and peptide fragmentation on a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). One 
survey full scan and the 15 most intense fragmentation spectra were analyzed along the chromatographic 
run. Dynamic exclusion was set at 30 s. For protein identification, tandem mass spectra were extracted 
and charge state deconvoluted by Proteome Discoverer 1.4.0.288 (Thermo Fisher Scientific). All 
MS/MS samples were analyzed using SEQUESTTM (Thermo Fisher Scientific). Sequest was searched 
with a fragment ion mass tolerance of 30 ppm and a parent ion tolerance of 15 ppm. Oxidation of 
methionine was specified in Sequest as a variable modification. Custom application in R (Vseq) was 
developed to calculate and generate quality control graphs to monitor the specificity in peptide 
identification [65]. 

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/ 
1392/s1. 
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ADC Antibody-drug conjugate 
DMSO Dimethylsulfoxide 
DTT Dithiothreitol 
EDTA thylene diamine tetraacetic acid 
GDP Guanosine diphosphate 
GTP Guanosine triphosphate 
HCD Higher-energy collisional dissociation 
HPLC-MS High performance liquid chromatography coupled to mass spectrometry 
IC50 Inhibitory concentration 50% 
MSA Microtubule stabilizing agent 
RB3 Rat brain 3 stathmin like domain 
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Supplementary information to chapter A3 

 

 

Figure S1. Cyclostreptin binding and stability of tubulin-cyclostreptin adduct: A). Time 
course of reaction of 25 μM cyclostreptin with dimeric tubulin followed by HPLC-MS. 
Black circles and lines: Unreacted cyclostreptin in the absence of tubulin. Red circles 
and lines: Unreacted cyclostreptin in the presence of 20 μM tubulin. B) Quantification of 
the assembly of the tubulin-cyclostreptin complex incubated at different times. Black 
circles and lines pelleted tubulin (microtubules), red circles and lines supernatant tubulin 
(not assembled dimers). 
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Figure S2. Electron-density maps of both the cyclostreptin molecules bound to tubulin 
in chain B (panel A) and chain D (panel B) of the T2R-TTL complex. The SigmaA- 
weighted 2mFo-DFc (dark blue mesh contoured at +0.7σ) and mFo-DFc (light green and 
red mesh contoured at +/- 2.5σ, respectively) simulated annealing omit maps were 
calculated by excluding the atoms of the cyclostreptin molecules. Both the covalently 
bound cyclostreptin molecules (salmon) and His229 residues are depicted in stick 
representation. 
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Table S1. Data collection and refinement statistics for the T2R-TTL-cyclostreptin complex 
 
 

 T2R-TTL- 
cyclostreptin 

Data collection  

Space group P212121 

Cell dimensions  

a, b, c (Å) 104.6, 158.4, 179.95 
Resolution (Å) 49.7 – 1.9 (1.95-1.90) 
Rmerge (%) 10.2 (448.5) 
Rmeas (%) 10.4 (457.2) 
Rpim (%) 2.5 (84.3) 
I / σI 22.7 (0.9) 
CChalf 100 (32.2) 
Completeness (%) 100 (100) 
Redundancy 26.8 (27.0) 

Refinement 
 

Resolution (Å) 49.7 – 1.9 
No. unique reflections 234314 
Rwork / Rfree 18.7 / 21.3 
No. atoms  

Protein 17404 
Ligand 58 
Water 681 

Average B-factors (Å2)  

Protein 62.3 
Ligand (chain B / D) 85.1 / 91.5 
Water 55.7 

Wilson B-factor 42.4 

R.m.s. deviations 
 

Bond lengths (Å) 0.004 
Bond angles (°) 0.652 

 
Ramachandran statisticsc 

 

Favored regions (%) 98.0 
Allowed regions (%) 2.0 
Outliers (%) 0 

*Values in parentheses are for highest-resolution shell. 
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A4. Structural Basis of Colchicine-Site targeting 

Acylhydrazones active against Multidrug-Resistant Acute 

Lymphoblastic Leukemia 

A4.1 Declaration of contribution 

For this project, we were asked by Prof. Dr. Fernando Díaz to contribute the crystal structure of the 

tubulin-compound 12 complex to a collaboration he had set up previously. We used this as a training 

opportunity at the beginning of my PhD to solve my first tubulin crystal structure. Under the guidance 

of Dr. Grégory Menchon and Dr. Andrea Prota, I purified all proteins, prepared crystals, collected data 

and solved the structure of the tubulin-compound 12 complex. Together with Dr. Andrea Prota, I 

analyzed the structure, modelled other compounds in the binding site and wrote the respective parts 

of the manuscript. Lastly, I helped with the last version of the draft to overall improve the manuscript. 

The paper was published in 2019 under the title “Structural Basis of Colchicine-Site targeting 

Acylhydrazones active against Multidrug-Resistant Acute Lymphoblastic Leukemia” in iScience. 
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1Laboratório de Biologia Molecular, Centro Infantil Boldrini, Rua Dr. Gabriel Porto 1270, Campinas 13083-210, Brazil 

2Graduate Program in Genetics and Molecular Biology, State University of Campinas, Campinas 13083-210, Brazil 

3Laboratory of Biomolecular Research, Division of Biology and Chemistry, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland 

4Centro de Investigaciones Bioló gicas, CSIC, 28006 Madrid, Spain 

5Pennsylvania State University College of Medicine, Department of Pediatrics, Hershey, PA 17033, USA 

6Department of Chemistry, Federal University of Santa Catarina, Florianó polis 88040-900, Brazil 
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SUMMARY 

Tubulin is one of the best validated anti-cancer targets, but most anti-tubulin agents have unfavorable therapeutic indexes. Here, we 
characterized the tubulin-binding activity, the mechanism of action, and the in vivo anti-leukemia efficacy of three 3,4,5-trimethoxy-
N-acylhydrazones. We show that all compounds target the colchicine-binding site of tubulin and that none is a substrate of ABC 
transporters. The crystal structure of the tubulin-bound N-(10-naphthyl)-3,4,5-trimethoxybenzohydrazide (12) revealed steric 
hindrance on the T7 loop movement of b-tubulin, thereby rendering tubulin assembly incompetent. Using dose escalation and short-
term repeated dose studies, we further report that this compound class is well tolerated to >100 mg/kg in mice. We finally observed 
that intraperitoneally administered compound 12 significantly prolonged the overall survival of mice transplanted with both 
sensitive and multidrug-resistant acute lymphoblastic leukemia (ALL) cells. Taken together, this work describes promising 
colchicine-site-targeting tubulin inhibitors featuring favorable therapeutic effects against ALL and multidrug-resistant cells. 
 
INTRODUCTION 

Despite the success already achieved in the treatment of children with acute lymphoblastic leukemia (ALL), relapse still occurs in around 
20% of patients (Steinherz et al., 1996; Stock et al., 2013). The overall survival rate for relapsed childhood ALL is approximately 40%–60% 
despite intensive chemotherapy and allogeneic stem cell transplantation (Oskarsson et al., 2015; Roy et al., 2005), highlighting the need 
for new drugs or new drug formulations. Recent clinical trials in adults (reviewed in Soosay Raj et al., 2013) and children (Shah et al., 2016) 
with relapsed or refractory ALL have shown promising results with the use of liposomal vincris- tine. Vincristine has been in clinical use for 
decades and is one of the main components of every ALL pro- tocol. Liposomal vincristine allowed the use of higher and more frequent 
doses of this anti-tubulin agent by circumventing its neurotoxic effects, which are likely caused by perturbations of microtubule functions 
that are essential for axonal transport in neurons (Shah et al., 2016; Soosay Raj et al., 2013). 

 
Tubulin is one of the best validated targets for cancer therapy. There are dozens of new anti-tubulin agents in clinical or late preclinical 
development, pursuing better therapeutic indexes, i.e., a better trade-off between efficacy and toxicity (Field et al., 2015; Liu et al., 2014; 
Wood et al., 2001). In this context, our group has designed and tested a series of 3,4,5-trimethoxy-N-acylhydrazones some of which 
exhibited strong anti-microtubule and anti-leukemia activities, in vitro and in vivo, while showing modest toxicity toward normal proliferating 
T cells (Salum et al., 2015). In this study, we highlight the biochemical and biological properties of three 3,4,5-trimethoxy-N-acylhydrazones: 
compounds 7, 12, and 21, which showed the best in vitro anti-leukemic effects in our previous study (Salum et al., 2015). 

 
RESULTS 
Compounds 7, 12, and 21 Bind to the Colchicine-Binding Site of Tubulin and Inhibit Microtubule Assembly 
Our previously reported computational docking efforts propose that N-acylhydrazones could adopt an appropriate stereochemistry in the 
colchicine-binding site of tubulin (Salum et al., 2015). To test the
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Figure 1. Compounds 7, 12, and 21 Are Colchicine-Binding Site Tubulin Inhibitors 

(A) Derivatives from N-acylhydrazones with the best in vitro anti-leukemic effects in Salum et al. (2015). 

(B) Displacement of MTC from the colchicine-binding site by N-acylhydrazones. Fluorescence intensity of MTC bound 

to tubulin after addition of 10 mM compounds 7, 12, and 21. Each curve represents the mean of three independent 

   experiments. See also Figure S2. 

(C) Inhibition of tubulin assembly by compounds 7, 12, 21, and podophyllotoxin after 85 min of incubation. Absorbance 

spectra of 25 μM tubulin in the presence of different concentrations (0.5–20 μM) of the three compounds studied or DMSO 

(vehicle) was monitored over time by turbidity. 

   See also Figure S3. 
 

interaction of compounds 7, 12, and 21 (Figure 1A) with tubulin, we assessed the UV absorbance spectrum 
of these compounds (Figure S1) followed by their ability to displace 2-methoxy-5-(20,30,40-trimethoxy)-2,4,6- 
cycloheptatrien-1-one (MTC), a reversible tubulin ligand targeting the colchicine-binding site (Fitzgerald, 
1976). 

 
Compounds 7, 12, and 21 were capable of displacing the MTC probe, confirming their binding to the 
colchicine pocket of tubulin (Figure 1B). Calculation of binding constants (Figure S2) revealed that com- 
pound 21 binds tubulin with a 10 times higher affinity (binding constant of 5.0 x 107 M—1) than compounds 
7 (3.3 x 106 M—1) and 12 (1.26 x 106 M—1). For comparison, podophyllotoxin’s binding constant for tubulin, 
in the same assay, was reported to be 1.85 x 107 M—1(Antú nez-Mojica et al., 2016). 
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In the tubulin polymerization assay, which included podophyllotoxin as a positive control, all three com- 
pounds were effective in inhibiting tubulin polymerization (Figure 1C). Inhibition of tubulin assembly by these 
compounds over time is shown in Figure S3. We further investigated the effects of these compounds in 
cellular tubulin depolymerization assays using the A-549 cell line. Microtubule network depolymerization 
occurred at 200 nM for compounds 12 and 21, at 300 nM for compound 7, and at 100 nM for colchicine, 
which was included as positive control (Figure 2A). Compound 21 was slightly more potent than the other 
two compounds, because cells could be seen arrested in prometaphase and DNA was arranged in a ball 
of condensed chromosomes with no microtubules, which is a type IV spindle. On the other hand, in mitotic 
spindles seen in cells treated with compounds 7 and 12 the chromosomes were arranged in a ball enclosing 
several star-shaped aggregates of microtubules characteristic of type III spindles (Jordan et al., 1992). In all 
cases, mitotic arrest was accompanied by net microtubule depolymerization (Figure 2A). 

 
Although compounds 7 and 12 had similar effects in the MTC displacement and tubulin depolymerization 
assays, compound 12 was slightly more potent than compound 7 in promoting cellular microtubule depo- 
lymerization (Figure 2A), suggesting that compound 12 may have a better cellular bioavailability. Thus, the 
next step was to investigate the cellular uptake of compounds 7, 12, and 21, after 30 min, 6 h, and 12 h of 
incubation with each compound at a concentration (100 nM) that is close to their IC50 in cytotoxic assays. As 
expected, mass spectrometric analyses of total cellular extracts showed a significant lower cellular uptake 
of compound 7. Compound 12 had higher uptake after 30 min of treatment. However, its level decreased 
after 6 and 12 h, whereas the amount of compound 21 increased with time (Figure 2B). Whether compound 
12 is subjected to cellular metabolization remains to be investigated. 

 
Compounds 7, 12, and 21 Are Not Substrates of ATP-Binding Cassette Transporters  
Overexpression of ATP-binding cassette (ABC) transporters is involved in the cellular resistance to vinca 

alkaloids and anti-cancer drugs in general, constituting one of the main causes of failure in cancer therapy 

(El-Awady et al., 2017). To evaluate if compounds 7,12, and 21 were substrates of ABC transporter 

proteins,cell viability assays were performed using four pairs of cell lines, each pair including a parental 

sensitive cell line and its resistant derivative, known to overexpress ABC transporters. All resistant cells 

displayed a typical multidrug resistance (MDR) phenotype, as evaluated by the calcein exclusion assay 

(Figure S4). Compounds 7,12, and 21 showed similar IC50 values (Table 1) and cell-cycle arrest potency 

(Figure S5) for both sensitive and resistant cell lines, indicating that these compounds are not good 

substrates of ABC transporter proteins, which was not the case for colchicine, vinblastine, and vincristine. 

However, a modest 4- to 9-fold increased resistance to the acylhydrazone compounds was observed for the 

colchicine-resistant mouse 3T3 embryonic fibroblastoid cell line. Considering the three pair of neoplastic 

cell lines, compound 12 showed the lowest IC50 for all six cell lines, followed by compounds 21 and 7, 

respectively (Table 1). 

 
Cell-Cycle Arrest, DNA Damage, and Apoptosis Caused by Acylhydrazone Compounds 
We choose compound 12, which presented the best in vitro cytotoxic results, as our leading compound for 
further mechanistic investigations. Increased in vitro proliferation of primary ALL cells was found to corre- 
late with increased sensitivity to some chemotherapeutic drugs, including vincristine (Kaaijk et al., 2003). As 
shown in Figure 3, we found no correlation (p = 0.1821) between the doubling time and in vitro resistance 
(IC50) to compound 12 on a series of different precursor B cell ALL and T cell ALL cell lines (Table S1). To 
investigate how compound 12 leads to cell death, the pre-B ALL leukemia cell line RS4;11 was treated with 
compound 12 for 18 h and then labeled with bromodeoxyuridine (BrdU) and stained with antibodies against 
H2AX and PARP. Treatment with compound 12 resulted in a population of cells with DNA content in 
between G1 and G2, suggesting the occurrence of unequal division (Figure 4). DNA damage (H2AX) and 
apoptosis (PARP) occurred both at the G1 and G2 phases of the cell cycle. These results suggest that cells 
treated with compound 12 face cell death both as a consequence of mitotic arrest (in G2/M) and after un- 
equal division; however, we cannot exclude the possibility of mitotic slippage followed by post-slippage cell 
death. As unequal division could lead to the continuous cycling of some genomically unstable cells, and the 
risk of secondary tumors, we investigated the generation of micronuclei. As shown in Table 2 micronuclei 
induction by compound 12 was comparable to that by colchicine and significantly lower than that by 
vincristine. 

 
Crystal Structure of the Tubulin Compound 12 Complex 
To elucidate the tubulin-binding mode of compound 12, we solved its structure in complex with tubulin by 
X-ray crystallography. To obtain crystals of tubulin, we complexed two a/b-tubulin heterodimers from  
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Figure 2. Effects of Compounds 7, 12, and 21 on Microtubule Cytoskeleton and Their Cellular Uptake 

(A) Effects of compounds 7, 12, and 21 on the cellular microtubule network of A-549 cells. A-549 cells were incubated 

for 20 h with DMSO (control, Ctr), 300 nM of 7, 200 nM of 12, 200 nM of 21, or 100 nM of colchicine. Anti-α-tubulin 

antibodies and Hoechst 33342 were used to stain microtubules (green) and DNA (blue), respectively. Mitotic spindles 

from the same preparation are shown in the right corner of each picture. 

(B) Amount of compounds 7, 12, and 21 in total cellular lysates of CEM leukemia cells after 0.5, 6, or 12 h of treatment 

with 100 nM of the corresponding compound. The amount of each compound was normalized by the amount of protein 

from the same sample. Each bar represents the mean ± SD of three biological replicates. Data were analyzed by the two-

way ANOVA followed by Bonferroni’s post-test for mean comparisons (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Compounds versus Cell 
Lines 

7 12 21 Colchicine Vinblastine Vincristine 

A2780 144 ± 6 48 ± 1 82 ± 14 23 ± 5 0.5 ± 0.1 3 ± 0.4 

A2780/AD 101 ± 11.1 20.6 ± 2.0 55.9 ± 1.4 270 ± 49 29 ± 5 457 ± 131 

Ratioa 0.7 0.4 0.7 11.7 57.3 154.6 

KB 103 ± 1.3 19.7 ± 5.6 43.2 ± 11 18.6 ± 0.7 0.23 0.7 

KB/VB 107 ± 12.1 20.3 ± 2.4 46.9 ± 10 724 ± 228 85.9 ± 3.3 1130 ± 100 

Ratio 1.04 1.03 1.09 38.9 374.3 1608 

CEM 116 ± 27.6 31.4 ± 8 54 ± 0.7 14.5 ± 0.3 0.6 0.7 ± 0.2 

CEM/VCR 122 ± 25 32 ± 11 50 ± 6 281 ± 5 128 ± 3 1700 ± 131 

Ratio 1.05 1.02 0.93 19.42 213.65 2322.52 

NIH3T3 65.7 ± 4.4 13.2 ± 4.3 109 ± 15 30 ± 3.5 1.02 ± 0.02 2.8 ± 0.7 

NIH-MDR-G185 268 ± 50 95.8 ± 22 984 ± 302 783 ± 64.7 33.2 ± 0.95 898 ± 111 

Ratio 4.08 7.25 9.02 26.1 32.5 320.7 
 

Table 1. Cytotoxicity Data (IC50 ± SD, nM) for Compounds 7, 12, 21, Colchicine, Vinblastine, and Vincristine against Human Neoplastic Cell 
Lines 

Cytotoxicity results are expressed as IC50 values, the compound concentrations producing 50% cell growth inhibition, and represent the mean ± SD of three to 
five independent experiments. 
aDetermined by dividing the resistant cell line IC50 mean by the sensitive cell line IC50 mean. 
 

bovine brain with rat stathmin-like protein RB3 and chicken tubulin tyrosine ligase (the complex is denoted 
T2R-TTL) (Prota et al., 2013a, 2013b). Subsequently, the compound was soaked into the T2R-TTL crystals, 
and we were able to obtain X-ray diffraction data to 2.0 Å resolution (Table S2). We found that only the 
colchicine site of the α1β1-tubulin was occupied with compound 12 (Figures 5A and S6). Superimposing 
the T2R-TTL-compound 12 complex structure with the unliganded T2R-TTL structure (PDB: 4IHJ) showed 
no major conformational changes upon ligand binding (root-mean-square deviation of 0.33 Å over 1,864 
Cα-atoms). 

 
The trimethoxyphenyl moiety of compound 12 fits in a predominantly hydrophobic pocket shaped by the side 
chains of βTyr202, βCys241, βLeu242, βLeu248, βAla250, βLeu252, βLeu255, βAla316, βIle318, βAla354, 
and βIle378 (Figure 5B). A second predominantly hydrophobic pocket is shaped by βAsn258, βMet259, 
βThr314, βAla316, βLys352, αSer178, and αVal181 into which the naphthalene moiety of compound 12 is 
inserted. The structure also reveals a water-mediated hydrogen bond between the nitrogen of the 
acylhydrazone linker of com- pound 12 and the backbone of αThr179. A previous docking study (Salum et al., 
2015) proposed three additional hydrogen bonds. The first one is between the oxygen of the 30-methoxy of 
compound 12 and the side chain of βCys241; our tubulin compound 12 crystal structure shows a distance 
between the two atoms of 3.9 Å, which seems too long to allow for the permanent formation of a stable 
hydrogen bond. The other two hydrogen bonds were predicted to be formed between the carbonyl group of 
compound 12 and the main chains of βAsp251 and βLeu255. Our tubulin compound 12 crystal structure reveals 
distances of 3.6 and 4.3 Å, respectively, which are on the higher side to establish stable hydrogen bonds. In 
conclusion, our analysis reveals that compound 12 establishes a single hydrogen bond with tubulin. 

 
To elucidate the mode of action of compound 12 on tubulin, we superimposed several T2R-TTL crystal 
structures. First, we compared the tubulin-compound 12 structure with the apo structure of tubulin (PDB: 
4IHJ). The major difference observed concerns the βT7 loop, which is flipped outward upon binding of the 
ligand (Figure 5C). Second, we superimposed the binding mode of compound 12 onto the tubulin- 
colchicine complex structure (PDB: 4O2B; Figure 5D). This analysis shows a large overlap of the two ligands 
with only a minor shift of the αT5 loop due to the differing sizes of the two ligands. The βT7 loop is flipped 
outward to nearly the same position for both compound 12 and colchicine. These observations indicate  
that compound 12, like colchicine, causes steric hindrance on the βT7 loop movement, thus locking tubulin 
in an assembly-incompetent conformation. 
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Figure 3. Cell Proliferation and Sensitivity to Compound 12 Do Not Correlate 

Eleven ALL cell lines of precursor B cell ALL (Reh, RS4;11, 697, NALM-16, NALM-30) and T cell ALL (Jurkat, ALL-SIL, HPB- 

ALL, TALL-1, P12-ICHIKAWA, MOLT-4) were analyzed regarding their doubling time and in vitro resistance (IC50 value; 

see Table S1) to compound 12 at 48 h. Pearson’s r correlation test resulted in a no significant correlation (p = 0.1821 and 

R2 = 0.1885). 

 
 
To determine the structural basis for the different tubulin-binding affinities by compounds 7, 12, and 21, we 
modeled compounds 7 and 21 into the colchicine-binding site based on the crystal structure of the T2R- 
TTL-compound 12 complex. These three acylhydrazones only differ in the size of their respective aromatic 
moiety, which was nicely reflected in the minor rearrangements observed after energy minimization at the 
end of the βH10-S9 loop and the start of βS9 strand. No perturbations of the βT7 loop or βH7 helix were 
observed in the models. To accommodate the bromine or methyl moieties of compounds 7 and 21, respec- 
tively, the βH10-S9 loop and the start of βS9 strand shifted slightly away from the colchicine site (Figure S7). 
Moreover, the 3,4,5-trimethoxy-acylhydrazone moieties minimally moved deeper into the binding pocket by 
maintaining all binding interactions found in the structure of compound 12. Finally, the individual changes 
from a naphthalene to a bromobenzene or a toluene moiety in compounds 7 and 21 only caused a minimal 
conformational change in the αT5 loop. These observations suggest that both compounds lacking the 
naphthalene moiety form more favorable interactions with the site, which agrees with their higher binding 
affinities. 
 
Weight Loss Caused by Acylhydrazones 7, 12, and 21 
We have previously shown that compound 12 is at least three orders of magnitude more toxic to leukemia 
cells than to normal proliferating lymphocytes. In a single-dose acute toxicity study, compound 12 was safe 
even at the maximum orally administered dose tested (1,000 mg/kg) (Salum et al., 2015). This time, we eval- 
uated all three compounds in repeated dose and dose-escalating toxicity tests, which included also vincris- 
tine and colchicine for comparisons. Mice receiving intraperitoneal (i.p.) injections of N-acylhydrazones at 
a dose of 1 or 10 mg/kg/day, for 2 weeks, showed no weight loss (Figure 6A). Similar results were seen in 
the treatment with 0.15 mg/kg of vincristine or colchicine. However, mice treated with 1.5 mg/kg of 
vincristine or colchicine died after 3 to 5 days (Figure 6A), confirming the narrow therapeutic indexes of 
these drugs. 

 
In the dose-escalating experiment mice receiving daily escalating doses of vincristine and colchicine 
showed abrupt weight loss followed death at a dose of 38.4 mg/kg. Increasing doses of N-acylhydrazones, 
on the other hand, were better tolerated. Compound 21 was the most toxic of the three N-acylhydrazones 
tested. It caused weight loss and death at a dose of 256 mg/kg. Mice receiving compound 7 or 12 did not 
show significant weight loss or any other clinical sign or behavioral alteration suggestive of intoxication, 
even at 256 mg/kg (Figure 6B). 
 
In Vivo Anti-leukemia Effects of Compound 12 
We have previously shown that compound 12 is able to inhibit the progression of patient-derived B cell 
precursor ALL cells in immunocompromised mice at a weekly i.p. dose of 1 mg/kg (Salum et al., 2015). 
Here we preliminarily evaluated different compound 12 treatment schemes on the survival of mice 
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Figure 4. Multiparametric Flow Cytometry Analysis of Cell Cycle, Apoptosis, and DNA Damage in RS4;11 

Cells Treated with Compound 12 

(A and B) Cells were treated with (A) DMSO (vehicle) 45 nM or (B) compound 12 (IC50 dose) for 18 h followed by labeling 

with 10 mM BrdU for 45 min. The cells were then harvested and analyzed by immunofluorescent staining and multicolor 

flow cytometric analysis using the BD FACSVerse Flow Cytometer. BrdU-positive cells are color-gated green, whereas 

BrdU-negative cells at G1 phase, between G1 and G2 phase, and G2 phase of the cell cycle are colored red, light blue, and 

dark blue, respectively. 

 

transplanted with the RS4;11 ALL cell line. Animals were treated for 4 weeks with DMSO (control); com- 
pound 12 at 1 mg/kg, once a week, i.p.; compound 12 at 0.5 mg/kg, thrice a week, every other day, i.p.; or 
compound 12 at 50 mg/kg, twice a week, orally. As shown in Figure 8, the dose of 1 mg/kg i.p. once a week 
was not sufficient to prevent leukemia progression or improve survival of mice engrafted with the RS4;11 
leukemia cell line. On the other hand, compound 12 at a lower dose of 0.5 mg/kg, i.p., but given thrice a 
week, had a profound impact on slowing the leukemia progression (Figure 7A) and as a consequence on 
increasing animal survival (Figure 7B). Apparently, exposure of compound 12 to leukemia cells for a longer 
time may be advantageous. Oral administration of compound 12 was the second best treatment, however, 
at the expense of a much higher cumulative dose (100 mg/kg/week). These results suggest that compound 
12 has low oral bioavailability. 

 
To validate the use of compound 12 against MDR cells in vivo, we use the pre-B cell ALL NALM6 or its MDR 
counterpart, N6/ADR, which is characterized by P-glycoprotein overexpression (Treichel and Olken, 1992). 
As expected, compound 12 showed similar IC50 values against both NALM6 and N6/ADR, which was not 
the case for vincristine (Figure S8). Building on the better therapeutic profile of compound 12, mice were 
treated with 10 mg/kg, i.p., every day, whereas vincristine was administrated i.p. once a week at a concen- 
tration of 0.15 mg/kg (Szymanska et al., 2012). Both vincristine and compound 12 prolonged the overall sur- 
vival of mice transplanted with NALM6, with vincristine being slightly more efficient than compound 12 
(Figure 8A). However, only compound 12 was able to prolong the survival of mice transplanted with N6/ADR 
(Figure 8B), corroborating with our hypothesis that compound 12 is more efficient than vincristine against 
MDR leukemia. 
 
 
DISCUSSION 

Vincristine is one of the backbone drugs of ALL treatment. It is a microtubule inhibitor whose major disad- 
vantages are related to its limited bioavailability and high toxicity. Here, we report on three acylhydrazone 
derivatives with microtubule-depolymerizing activities, which bind to the colchicine-binding site of tubulin, 
distinctive from the vinca- and taxane-binding sites of the vinca alkaloids and taxanes currently used in 
clinics. 

 
As most other colchicine-binding site agents, and in contrast to vincristine and vinblastine, compounds 7,12, 
and 21 were demonstrated to be active against multidrug resistance (MDR) cells. Only the colchicine-
resistant mouse 3T3 embryonic fibroblastoid cell line NIH-MDR-G185 showed a modest resistance to the 
acylhydrazone compounds; however, it was lower than the resistance observed to colchicine, vinblas- tine, 
and vincristine. Of note, the NIH-MDR-G185 cell line was obtained through ectopic expression of the MRD1 
gene (Cardarelli et al., 1995), so the levels of P-glycoprotein expression may be much higher than the levels 
observed in the patient-derived MDR cells. The ability to kill MDR cells may be important in the context of 
relapsed ALL. Although overexpression of membrane-associated ABC transporter was not associated to 
vincristine resistance at diagnosis (Holleman et al., 2004), relapsed ALL was shown to express increased 
levels of multidrug resistance genes, including P-glycoprotein, lung resistance-related protein, and 
multidrug resistance-associated protein when compared with diagnostic samples (Dhooge et al., 2002; 
Plasschaert et al., 2005; Terci Valera et al., 2004; van den Heu- vel-Eibrink et al., 2000). 

 
Among the three compounds tested, compound 12 is the one with the most favorable cytotoxic activity 
(Table 1; Salum et al., 2015). Intriguingly, here we show that the tubulin-binding affinity of 12 is not superior 
but slightly lower than that of compound 7 and 10 times lower than that of compound 21 in the MTC 
displacement assay. Compound 7 showed a significantly lower cellular uptake than 12, therefore explain- 
ing its lower cellular activity and suggesting that the bromobenzene moiety present in compound 7 has the 
lowest ability of crossing the cellular membrane compared with the toluene and naphthalene moieties 
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Normal Morphology Micronuclei p Valuea 

Compared with 
Colchicine 

Compared with 
Vincristine 

Vehicle (DMSO) 199 1 <0.0001 <0.0001 

Colchicine IC50 174 26 – <0.0001 

Vincristine IC50 99 101 <0.0001 – 

12 IC50 163 37 0.1695 <0.0001 

12 IC90 131 69 <0.0001 0.0017 
 

Table 2. Micronuclei Formation Induced by Colchicine, Vincristine, and Compound 12 
aFisher’s exact test. Colchicine IC50 = 13.5nM; vincristine IC50 = 1.1nM; compound 12 IC50 = 81.4nM; IC90 = 126.2nM. 

 
present in compounds 21 and 12, respectively. On the other hand, the cellular uptake of 21 was even better 
than that of 12. As compounds 12 and 21 share the same mode of action on tubulin (see below), how can 
the better cytotoxic activity of 12 be explained, considering that 21 showed higher tubulin-binding affinity 
and cellular uptake? α-tubulin and β-tubulin are encoded by multigene families, whose members may hold 
differences in the amino acid composition of their colchicine-binding pocket. Compounds 12 and 21 may 
have different affinities with each type of tubulin isotype (Kumbhar et al., 2016; Santoshi and Naik, 2014). 
Leukemia cells express a mixture of different α- and β-tubulin isotypes (data not shown), which is probably 
not matched by the calf brain tubulin composition used in the MTC displacement assay. Thus the in vitro 
tubulin binding was not a perfect surrogate for the leukemia tubulin binding. Besides, the possibility exists 
that the higher cellular uptake of 21 is due to off-target or unspecific cellular binding. 

 
Concomitant analysis of cell cycle, DNA damage, and apoptosis revealed that compound 12 promoted 
DNA damage and apoptosis not only in G2/M but also in G1. Death in G1 probably occurred after unequal 
division of cells previously arrested in G2/M. Although unequal division could lead to secondary tumors, we 
found micronuclei formation by compound 12 to be lower than that by vincristine, even at the dose of IC90. 
Cells in S-phase were not sensitive to compound 12, which agrees with the fact that no correlation was 
found between the proliferating index and compound 12’s IC50 values on a series of ALL cell lines. 

 
The crystal structure of the tubulin-compound 12 complex confirmed the binding of compound 12 to the 
colchicine-binding site of tubulin, which is located between the α- and β-tubulin subunits and shaped by 
residues of loop T5 of α-tubulin and strands S8, S9, and S10, loop T7, and helices H7 and H8 of β-tubulin 
(Ravelli et al., 2004). Free tubulin assumes a ‘‘curved’’ conformation. For tubulin to polymerize into micro- 
tubules this curved conformation has to undergo a conformational change to reach the ‘‘straight’’ structural 
form of tubulin. During this conformational change, the βT7 loop moves into the colchicine-binding site; 
however, in the presence of a ligand, the βT7 loop is sterically hindered to assume the straight conforma- 
tion. As a consequence, tubulin is locked in its curved conformation and becomes assembly incompetent 
(Prota et al., 2014; Ravelli et al., 2004). Our structural analyses suggest that such a mechanism is indeed also 
valid for compound 12. One peculiarity of compound 12 is that it forms only a single hydrogen bond with 
tubulin, involving the nitrogen of the acylhydrazone linker of compound 12 and the backbone of α-tubulin 
(residue αThr179). Other colchicine-binding site inhibitors so far characterized were shown to make at least 
two hydrogen bonds, one of which is always with β-tubulin (Bueno et al., 2018; Gaspari et al., 2017; McNa- 
mara et al., 2015; Prota et al., 2014; Wang et al., 2016; Zhou et al., 2016). 

 
Energy-minimized models of both compounds 7 and 21 bound to the colchicine site revealed the same 
mechanism of action, with no perturbations of the βT7 loop or βH7 helix. Three very small differences were 
seen: (1) the 3,4,5-trimethoxy-acylhydrazone moiety of 7 and 21 move minimally deeper into the binding 
pocket; (2) the βH10-S9 loop and the start of βS9 strand shift slightly away from the colchicine-binding site 
to accommodate the bromine or methyl moieties of compounds 7 and 21, respectively; and (3) a minimal 
conformational change in the αT5 loop was recorded. No additional interactions of compounds 7 and 21 
with tubulin were observed. These observations suggested that the higher affinities of both compounds 7 
and 21 when compared with 12 do not derive from the formation of additional interactions, but rather  from 
the formation of more favorable interactions in the absence of the large naphthalene moiety, which 
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Figure 5. X-Ray Analysis of the T2R-TTL-Compound 12 Complex 

(A) Chemical structure of compound 12 and overall view of the α/β-tubulin heterodimer-compound 12 complex structure. Compound 12 (green spheres) 

binds at the interface between α-tubulin (dark gray ribbon) and β-tubulin (light gray ribbon) in close proximity to the GTP (blue spheres)-binding site. See 

also Figure S6 and Table S2. 

(B) Close-up view of compound 12 (green sticks) and the surrounding binding pocket formed by α- and β-tubulin using the same color code as in (A). Carbon 

atoms are depicted in gray for tubulin and green for compound 12; nitrogen and oxygen atoms are colored in blue and red, respectively. Interacting residues 

are shown as sticks and are labeled; residues βTyr202, βAla316, βIle318, and βIle378 are omitted for clarity. Secondary structural elements of tubulin are 

labeled in light blue. 

(C) Same view and color code of the tubulin-compound 12 complex as in (B) with the apo T2R-TTL structure (purple; PDB: 4IHJ) superimposed. 

(D) Same view and color code of the tubulin-compound 12 complex as in (B) with the structure of tubulin-colchicine (orange; PDB: 4O2B) superimposed. 

 
occupies a partially hydrophobic pocket in the crystal structure of compound 12. The modeling data further 
suggest that the difference in affinity between compounds 7 and 21 likely derives from the differing van der 
Waals radii of their bromine and methyl moieties, respectively. 

 
An attractive feature of these molecules is that they can be administered in higher doses than vincristine or 
colchicine. As previously shown (Salum et al., 2015), we here confirm one of these compounds’ (compound 
12) strong anti-leukemia activity as a single agent. Our exploratory in vivo toxicity test, measuring mice 
weight loss, revealed that significantly higher doses of N-acylhydrazones can be administrated daily to mice 
when compared with vincristine and colchicine, with no weight loss or clinical sign of toxicity. Compound 
21, however, was lethal at the highest dose tested in the escalating dose study. Whether this increased 
toxicity is related to its higher neuronal (calf brain tubulin) tubulin-binding affinity or higher cellular uptake 
remains to be investigated. 

 
Remarkably, compound 12 prolonged the overall survival of mice transplanted with the RS4;11 ALL cell 
line when given at a dose of only 0.5 mg/kg thrice a week; this dose given thrice a week was shown to be 
better than 1 mg/kg given once  a week.  In addition, despite low oral bioavailability, compound 12 was 
shown to be effective against leukemia when administered by gavage. Pharmacokinetic studies are 
warranted to improve the treatment schedule. Importantly, we validated the use of compound 12 
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Figure 6. Weight Loss of C57BL/6 Mice Treated with Compounds 7, 12, 21, Vincristine, and Colchicine 

(A) Weight loss of C57BL/6 mice treated with escalating daily doses of N-acylhydrazones, vincristine, and colchicine. 

Groups of two animals received daily i.p. injections of drugs at increasing doses of vincristine, colchicine, compound 7, 

compound 12, or compound 21. The doses of vincristine and colchicine were 0.15, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 19.2, and 

38.4 mg/kg. The doses of 7, 12, and 21 were 1, 2, 4, 8, 16, 32, 64, 128, and 256 mg/kg. 

(B) Weight loss of C57BL/6 mice treated with repeated daily doses of N-acylhydrazones, vincristine, and colchicine. 

   Groups of two animals received daily i.p. injections of drugs at two different dosages, during 13 consecutive days. In 

   control (Ctr), animals were injected with vehicle (2% DMSO, 10% Tween 20, 10% glycerol in PBS); d indicates that 

   mouse was dead on the next day. Dots are representative of a single animal. Data were analyzed by two-way ANOVA  

   followed by Bonferroni’s post-test for comparison of follow-up weights with the first weight for the corresponding animal 

   (*p < 0.05;**p < 0.01; ***p < 0.001). 

 

for the treatment of animals transplanted with a multidrug-resistant ALL cell line, although the increased 
survival in this case was shorter than in mice transplanted with the RS4;11 cells, even when higher doses 
of compound 12 were used (10 mg/kg every day). This probably reflects the higher 
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Figure 7. Anti-leukemia Effect of Compound 12 at Different Dose and Administration Routes 

NOD/SCID mice were transplanted with RS4;11 ALL cells. After engraftment (>0.5% leukemia cells in peripheral blood 

mononuclear cells), animals were randomly distributed into groups (n = 3) and treated for 4 weeks with vehicle or the 

indicated schemes of compound 12. 

(A) Leukemia progression as estimated by the percentage of leukemia cells in peripheral blood after engraftment. Note 

that leukemia burden was measured every 7 days. Thus, the last measurement of leukemia in the peripheral blood does 

not correspond to leukemia burden at death. 

(B) Kaplan-Meyer survival curves of mice following the indicated schemes of compound 12 administration. Curves were 

compared by the log rank test. For curves’ legend see (A). The indicated p values are for the comparison with the curve 

of the control group. 

 
aggressiveness of NALM6/N6/ADR, and in any case, vincristine showed no efficacy against MDR cells 
compared with compound 12. 

 
In conclusion, we describe new promising colchicine-binding site tubulin inhibitors for the treatment of ALL, 
featuring a favorable therapeutic index and activity against multidrug-resistant cells. In addition, we provide 
a structural basis to understand how N-acylhydrazones destabilize microtubules, leading to cell death. 

 
Limitations of the Study 
Although this study provided information regarding the cellular uptake of compounds 7, 12, and 21, sub- 
sequent studies are necessary to investigate the differential metabolization of these compounds by the cell, 
in particular compound 12, whose cellular concentration appeared to decrease at the longer time points. 
This investigation can help design alternative compounds with increased half-life. In addition, in this study 
we characterized the DNA damage and pro-apoptotic effects of 12 on cells at the different phases of the 
cell cycle. Besides the expected effects of treatment (cells arrested in G2 and increased numbers of 
apoptotic sub-G1 cells), we found a sub-population of cells having DNA content in between G1 and G2, 
which we named ‘‘sub-G2’’ and interpreted as being cells that underwent unequal division of their 
chromosomes. Cytogenetic analysis by fluorescence in situ hybridization of chromosomes would 
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Figure 8. Compound 12 Prolonged Survival of Mice Transplanted with Multidrug-Resistant ALL 

(A and B) Kaplan-Meyer survival curves of mice transplanted with (A) NALM6 or the (B) multidrug-resistant N6/ADR ALL 

cell lines, following treatment with compound 12 (10 mg/kg, i.p., every day), vincristine (0.15 mg/kg, i.p., weekly), or 

vehicle. Treatment started on the fifth day after transplantation (dashed vertical line). Curves were compared by the log 

rank test. The indicated p values are for comparison with the curve of the control group. See also Figure S8. 

 
be advisable to validate this finding. Regarding the in vivo experiments, it would be interesting to investi- 
gate the effect of compound 12 against patient-derived ALL cells with multidrug-resistant phenotype. Last, 
we noticed increased weight loss of animals receiving compound 12 orally, suggesting either harm by the 
gavage process or gastrointestinal toxicity at a dose of 50 mg/kg twice a week. 
 
METHODS 

All methods can be found in the accompanying Transparent Methods supplemental file. 
 
DATA AND CODE AVAILABILITY 

Atomic coordinates and structure factors for the T2RT-TTL-compound 12 complex have been deposited in 
the RCSB Protein Data Bank (PDB) under accession number 6F7C. 
 
SUPPLEMENTAL INFORMATION 

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.10.003. 
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Supplementary information to chapter A4 

 
 

 

Supplemental Figure S1. UV absorvance spectrum of compounds 7, 12 and 21 at 10 µM, Related to Figure 
1A. Compounds were dissolved at a concentration of 5mM in DMSO, and then diluted to 10µM in 10mM 
Sodium Phosphate. Their UV absorbance spectra were measured in a Thermo Scientific EVOLUTION 201 UV 
spectrophotometer using blanks with the appropriate concentration of DMSO 
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Supplemental Figure S2. Tubulin binding constants for compounds 7, 12, and 21 calculated based on 
MTC displacement curves, Related to Figure 1B. (A) Fluorescence emission spectra of MTC [2-methoxy-5-
(2,3,4-trimethoxyphenyl)-2,4,6-cycloheptatrien-1-one] and tubulin in the presence of different concentrations 
(0.5 to 10 μM) of compound 7, 12 or 21. Bottom line is the fluorescence emission spectrum of MTC alone. 
Each curve represent the mean of three independent experiments. (B) Binding constant curves and values 
calculated by using the DosBox 0.73 software. 
 

 



 

LXXXII 
 

 
 
 

Supplemental Figure S3. In vitro tubulin assembly inhibition by compounds 7, 12, 21, and 
podophyllotoxin, evaluated by turbidity measurment at a wavelength of 350 nm and 37 °C, Related to 
Figure 1C. Each curve represent the mean of three independent experiments. Absorbance spectra of 25 μM 
tubulin in glycerol-assembling buffer, GAB (3.4 M glycerol, 10 mM sodium phosphate, 1 mM EGTA, 1 mM 
GTP, pH 6.5), in the presence of different concentrations (0.5 to 20 μM) of the ligand studied or 3% of DMSO 
(vehicle) was monitored along time by turbidity using a Varioskan Flash multimode microplate reader (Thermo 
Scientific) at a wavelength of 350 nm and 37°C. 
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Supplemental Figure S4: Resistant cell lines expressing the Multiple Drug Resistance Phenotype, Related 
to Table 1. The four pairs of cells used in the cell growth inhibition assay, represented by a sensitive and a 
resistant cell line, were treated with DMSO, Calceín or Calceín + Verapamil (a P-glycoprotein inhibitor) for 30 
minutes and analyzed by flow cytometry. The calceín and verapamil doses were 1 uM and 25 uM respectively. 
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Supplemental Figure S5. Compounds 7, 12 and 21 induce cell cycle arrest in G2/M, Related to Table 1. 
Cell cycle histograms of (A) A2780 (B) A2780/AD. Both cells were treated with DMSO (negative control), 
compounds 7, 12, 21, colchicine, vimblastine and vincristine. Cells were incubated for 20 h at concentrations 
ranging from 1 nM to 2.5 μM and submitted to cell cycle analysis with propidium iodide staining and flow 
citometry analysis. The lower ligand concentration that arrests cells in the G2/M phase was depicted. 
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Supplemental Figure S6. Overall view of the T2R-TTL-compound 12 complex structure and electron-
density map of compound 12 bound to tubulin in the T2R-TTL complex, Related to Figure 5. (A) Overall 
view of the T2R-TTL-compound 12 complex structure in ribbon representation. The α- and β-tubulin chains 
are colored in dark and light grey, respectively, TTL is in purple and RB3 is in dark green. The tubulin-bound 
compound 12 ligand is represented in green spheres. (B) Electron-density map of compound 12 bound to tubulin 
in the T2R-TTL complex. The SigmaA-weighted 2mFo - DFc (dark blue mesh) and mFo - DFc (light green 
mesh) omit maps are contoured at +0.9σ and +2.5σ, respectively. The map calculations excluded the atoms of 
the ligand. 
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Supplemental Figure S7. Compounds 7 and 21 modeled into the crystal structure of compound 12, Related 
to Figure 5. Close-up view of compound 12 (green sticks), compound 7 (magenta), and compound 21 (purple) 
and the surrounding binding pocket formed by α- and β- tubulin represented as ribbons. Ribbons are depicted in 
grey for tubulin derived from the structure and magenta and purple for the models. Carbon atoms are shown in 
green for compound 12, magenta for compound 7 and purple for compound 21; nitrogen, oxygen and bromine 
atoms are colored in blue, red and brown, respectively. Secondary structural elements of tubulin are labeled in 
light blue.  
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Supplemental Figure S8. Caracterization of sensitive NALM6 and Multidrug-Resistant N6/ADR cell 
lines, Related to Figure 8. (A) NALM6 and N6/ADR cells were treated with Calcein (red histogram) or Calcein 
+ Verapamil (a P-glycoprotein inhibitor; blue histogram) for 30 minutes and analyzed by flow cytometry. The 
calcein and verapamil doses were 1 uM and 25 uM respectively. (B) Survival curves illustrating the cytotoxicity 
data for compound 12 and vincristine against NALM6 and N6/ADR cell lines after 48 hours of treatment. IC50 
for compound 12 against NALM6 and N6/ADR were 88.5 nM and 85.8 nM respectively, while IC50 for 
vincristine was 0.87 nM for NALM6 and 9 nM for N6/ADR. 
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Supplemental Table S1. Proliferation index and Cytotoxicity Data (IC50, nM) for compound 12, against 
ALL Cell Lines, Related to Figure 3. 

 

 
ALL cell lines 

 
Doubling time 

 
IC50 #12 (nM) 

REH 1.6 92.6 

RS4;11 1.4 42.3 

697 1.0 62.5 

Nalm16 2.5 47.6 

Nalm30 3.2 43.9 

Jurkat 0.8 84.3 

SIL-ALL 1.4 42.3 

HPB-ALL 1.5 85.8 

TALL-1 0.9 89.2 

P12-ICHIKAWA 1.1 138.0 

Molt4 1.0 54.0 
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Supplemental Table S2. X-ray diffraction data collection and refinement statistics of the 
T2R-TTL-compound 12 complex, Related to Figure 5. 
 

 T2R-TTL-compound 12 
Data collectiona  

Space group P212121 

Cell dimensions  

a, b, c (Å) 104.5, 157.4, 180.8 

Resolution (Å) 59.5 – 2.0 (2.05 – 2.00) 

Rmeas (%) 10.9 (413.1) 

Rpim (%) 3.3 (118.0) 

CC1/2
b

 99.9 (25.4) 

I/σI 17.8 (0.7) 

Completeness (%) 99.8 (98.7) 

Redundancy 13.5 (13.2) 

Refinement  

Resolution (Å) 59.5 – 2.0 

No. unique reflections 199860 

Rwork/Rfree (%) 21.2 / 24.3 

Average B-factors (Å2)  

Complex 63.8 

Solvent 55.7 

Ligand (chain B) 74.7 

 
Wilson B-factor 

 
45.2 

Root mean square deviation from ideality 

Bond length (Å) 0.006 

Bond angles (°) 0.773 

Ramachandran statisticsc  

Favored regions (%) 97.46 

Allowed regions (%) 2.54 

Outliers (%) 0.00 

a Highest shell statistics are in parentheses. b CC1/2= percentage of correlation between intensities from random half- 
datasets(Karplus and Diederichs, 2012). c As defined by MolProbity (Davis et al., 2004).  
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Transparent mehtods 

 

 

3,4,5-trimethoxy-acylhydrazones 

 

Compounds 7, 12, and 21 were synthesized as described before (Salum et al., 2015). Identity and purity were 

confirmed by mass spectrometry and nuclear magnetic resonance. For in vitro experiments, compounds were 

dissolved in dimethyl sulfoxide (DMSO) from Sigma- Aldrich (St. Louis, MO, USA). DMSO concentration in 

the assay was ≤ 0.5%. For animal experiments, compound 7, 12, or 21 were dissolved in DMSO at 10 mg/mL. 

Then, a volume corresponding to 10 mice’s injection was mixed with 100 μL of Tween 20 and 880 μL of PBS, 

incubated at 37ºC for 5 min, and 100 μL were injected per animal. For UV absorbance spectra, the compounds 

were dissolved at a concentration of 5 mM in DMSO, and then diluted to 10uM in 10 mM sodium phosphate. 

Their UV absorbance spectra were measured in a Thermo Scientific EVOLUTION 201 UV spectrophotometer 

using blanks with the appropriate concentration of DMSO. 

 

 

Cell lines culture and viability assays 

 

We used five pairs of cells and their MDR derivates in this study: 1) The human ovarian cancer cell line A2780 

and its MDR derivative, A2780/AD; 2) CCRF-CEM (CEM) and CEM- vincristine-resistant (CEM/VCR (Haber 

et al., 1989)), which were a generous gift from Professor Maria Kavallaris (Children Cancer Institute, Australia), 

3) KB-3-1 (KB) cell line derived from human epidermal carcinoma cells and its MDR mutant derivative KB-

V1 resistant to vinblastine (KB/VB) (Shen et al., 1986), 4) NIH3T3 cell line established from NIH Swiss mouse 

embryo cultures and its MDR NIH-MDR-G185 cell line, that is a clone of NIH3T3 cells transfected with the 

retroviral vector pHaMDR1/A (wild-type glycine at position 185), resistant to colchicine 

(Cardarelli et al., 1995), 5) B-ALL NALM6 cell line and its MDR derivate N6/ADR (ATCC® CRL-3274) also 

used in an in vivo assay. The human non small cell lung carcinoma A-549 cells (ATCC® CCL-185) as well as 

the adherent cells A2780, A2780/AD, KB, KB/VB, NIH3T3 and NIH-MDR-G185 used in this study were 

grown in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 U/mL penicillin and 

100 µg/mL streptomycin (Sigma- Aldrich, Saint Louis, MO, USA). The acute lymphoblastic leukemia cell lines 

NALM6, N6/ADR, CEM, CEM/VCR, Nalm16, Nalm30, REH, SIL, RS4;11, HPB, 697, Molt4, P12- 

Ichikawa, Tall-1 and Jurkat were cultured in RPMI-1640 (Cultilab, Campinas, SP, Brazil) supplemented with 

10% fetal bovine serum (Cultilab), penicillin 100 IU/mL and 100 μg/mL streptomycin. Cells were maintained 

in a 5% CO2-humidified incubator at 37°C. RS4;11 B-cell ALL cell used in the in vivo study was kindly 

provided by Dr. Sheila A. Shurtleff (St Jude Children’s Research Hospital, Memphis, TN). 

Cell viability experiments were performed in 96-well micro-titer plates using the MTT reduction assay 

(0.5mg/ml final concentration, 4 hrs incubation) after 48 h of treatment. The formazan dye formed by the viable 

cells was dissolved by the addition of acid sodium dodecyl sulfate solution (10% SDS, 0.01 mol/L HCl). 
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Following overnight incubation, absorbance was measured at 570 nm and 620 nm. Percentage of cell survival 

was calculated in relation to controls. IC50 values were calculated from dose-response curves using the 

GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) software. 

 

 

Immunofluorescence Analysis 

 

A-549 cells were plated (160,000 cells/mL) and cultured overnight in 24-well tissue culture plates containing 

12 mm round coverslips. Next, cells were treated with different concentrations of the drugs or vehicle (DMSO) 

for 24 h. Cells were permeabilized with 0.5% Triton X100 and fixed with 3.7% formaldehyde, as previously 

described (de Ines et al., 1994). Then, cells were incubated with the anti-α-Tubulin monoclonal antibody, 

DM1A (Sigma- Aldrich) for 1 hour and 30 minutes at 37°C , washed twice in PBS and incubated with FITC- 

conjugated secondary goat anti-mouse polyvalent immunoglobulins antibody (Sigma-Aldrich) for 1 hour at 

37°C. The coverslips were washed, and the nuclei of the remaining cells were labeled with 1 μg/mL of Hoechst 

33342 for 30 min. Finally, samples were washed, examined and photographed using a Zeiss Axioplan 

epifluorescence microscope. The images were recorded with a Hamamatsu ORCA-FLASH 4.0 cooled CCD 

camera. 

 

 

Tubulin Polymerization Assay 

 

Polymerization of 25 μM calf brain tubulin maintained in glycerol-assembling buffer (3.4 M glycerol, 10 mM 

sodium phosphate, 1 mM EGTA, 1 mM GTP, pH 6.5), and in the presence of different concentrations of the 

ligand studied or 3% of DMSO (vehicle) was monitored along time by turbidity using a Varioskan Flash 

multimode microplate reader (Thermo Scientific) at a wavelength of 350 nm and 37 °C. 

 

 

Ligand Binding to Tubulin 

 

The effect of different concentrations of compounds 7, 12 and 21 in the binding of 2- methoxy-5-(2,3,4-

trimethoxyphenyl)-2,4,6-cycloheptatrien-1-one (MTC) (Fitzgerald, 1976) to calf brain tubulin was verified as 

described previously (Andreu et al., 1998; Regina et al., 2007). Briefly, different concentrations (0.5 to 10 μM) 

of compound 7, 12 or 21 were added to 10 μM tubulin and 10 μM MTC in 10 mM sodium phosphate, 0.1 

mM GTP buffer, pH 7.0. The incubation of 30 minutes for compounds 7 and 21 and one hour for compound 

12, at room temperature, was followed by measurement of fluorescence emission spectra of MTC in the 

FluoroMax-2 equipment. Binding constants were calculated using the EQUIGRA 5 software (Díaz and Buey, 

2007). 
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Analysis of cellular uptake by HPLC-MS/MS 

 

Five million CEM (T-ALL) cells were treated with 100 nM of compounds 7, 12, or 21. After 0.5, 6 or 12h. 

Cells were collected, washed 3x times with cold PBS, pelleted by centrifugation, ressuspended in 350 µL of 

PBS and sonicated for three cycles of 20 seconds in a Bioruptor equipment (Liege, Belgium). Total protein was 

measured using the BCA Protein Assay Kit (Thermo Fisher Scientific Waltham, MA) and compounds were 

quantified by mass spectrometry. Standard solutions at different concentrations were prepared by serial 

dilutions of each compound in methanol. Compound 21 (95 ng/mL) was used as internal standard for compound 

12 analysis, and compound 12 (100 ng/mL) was used as internal standard for compounds 7 and 21 analyses. 

Calibration standards were prepared by mixing 20 µL of blank cell homogenate, 6 µL of standard solution, 6 

µL internal standard and 28 µL of methanol (to precipitate the proteins), to final standard concentrations from 

1 ng/mL to 1000 ng/mL. Homogenates (20 µL) from drug treated cell samples were mixed with 6 µL of internal 

standard and 34 µL methanol. Samples were vortexed, followed by centrifugation at 4°C for 10 min at 8765 g. 

The supernatants were analyzed using an ABSciex 4000 Q Trap mass spectrometry coupled with a Waters 

Acquity UPLC separation system. A 1.7 µm Acquity UPLC BEH C18  analytical columm (2.1 x 100 mm, 

Waters, Ireland) was used and the gradient elution was conducted using a flow rate of 0.3 mL/min with the 

following conditions: Initiate in 10% mobile phase B (acetonitrile) and 90% solvent A (0.1 % formic acid in 

water), a linear gradient to 100% mobile phase B in 2 minutes, and keep the 100% mobile phase B for 2 minutes 

to flush the column. The autosampler was kept at 4°C, and the column temperature was maintained at 35°C. 

The ABSciex 4000 Q Trap mass spectrometer was equipped with an electrospray ionization probe operated in 

positive mode. The decluster potential (DP) for compound 12, 21 and 7 was 77 V, 83 V and 78 V respectively; 

the entrance potential (EP) was 9 V, the collision energy (CE) for compound 12, 21 and 7 was 27.6 V, 27.6 V 

and 31.8 V respectively; the collision cell exit potential (CXP) for compound 12, 21 and 7 was 14 V, 15.5 V 

and 14.6 V respectively. The curtain gas (CUR) was 10 L/h, the collision gas (CAD) was 12 h/L. The ionSpray 

voltage was 5500 V, the temperature was 550°C, the ion source gas 1 was 60 h/L and the ion source gas 2 was 

50 h/L. The multiple reaction monitoring mode (MRM) was used to analyze and quantify the 3 compounds, 

with the transitions of m/z 365 > 195 for compound 12, 329 > 195 for compound 21 and 393 > 195 for compound 

7. All peaks were integrated and quantified by ABSciex Multiquan 3.1 software. The standard curves were 

constructed by plotting the ratio of the peak area of the analyte to the peak area of internal standard versus 

analyte concentration. The amount of compounds obtained by mass spectrometry analysis was normalized by 

the amount of protein from the same sample. 

 

 

Cell Cycle Analysis 

 

For cell cycle analysis, 180,000 cells in 1 mL were incubated with different concentrations of the drugs for 20 

h, then fixed in 70% ethanol, washed with PBS, and incubated at 37°C for 15 min in 1 mL PI Buffer (0.1% 

Triton X-100, 0.2 mg/mL RNAse, and 20 μg/mL propidium iodide, in PBS). Ten thousand events were analyzed 

in a Coulter Epics XL flow cytometer. RS4;11 analysis of cell cycle and apoptosis was performed following 
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the Apoptosis, DNA Damage and Cell Proliferation Kit protocol from BD Pharmingen™. 

 

 

Micronuclei formation 

 

1,5 x 106 Jurkat T-ALL cells in 5 mL were incubated with vehicle (DMSO), colchicine (IC50 dose= 13.5 nM), 

vincristine (IC50 dose= 1.1 nM) and compound 12 at the dose of IC50 (81.4 nM) and IC90 (126.2 nM) for 24 

h. Cells were harvested followed by Wright staining procedure for 3 minutes. A total of 200 cells were counted 

for each treatment using the Olympus BX51 microscope. 

 

 

In vivo weight loss using escalating and repeating doses of compounds 7, 12 and 21. 

 

C57BL/6 mice were acquired from the animal facility of the State University of Campinas. Animals were 

housed in individually ventilated cages, at 22 ± 1 ºC, under a 12-h light/12-h dark cycle, with food and tap water 

ad libitum. The numbers of animals, study design, and treatment of animals were reviewed, and approved by 

the Ethics Committee in Animal Experimentation of the State University of Campinas and registered under 

Protocol #3624-1. For the dose-escalating study, ten 7- to 8-weeks-old mice were randomly distributed in five 

groups (compounds 7, 12, 21, vincristine and colchicine) of two animals. Escalating doses of drugs, 2x- fold 

daily increase, were given intraperitoneally (ip) for 9 consecutive days. For compounds 7, 12 and 21 the doses 

used were 1, 2, 4, 8, 16, 32, 64, 128 and 256 mg/kg. For vincristine and colchicine the doses used were 

0.15, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 19.2, and 38.4 mg/kg. Control mice were administered the same volume of 

vehicle (2% DMSO in saline). Mice death, weight loss, intake of food and drink were registered during the 9 

days. 

For the repeated-dose study, twenty-two C57BL/6 mice >10 weeks old were randomly divided in six groups 

and received daily ip injections of the test compounds for 13 consecutive days. Two different dosages were 

tested: 1 mg/kg and 10 mg/kg for compounds 7, 12, and 21; 0.15 mg/kg and 1.5 mg/kg for vincristine and 

colchicine. Control group of animals received vehicle (2% of DMSO, 10% of Tween, 10% of glycerol and 78% 

of PBS). The location of the ip injection was alternating between lower left and lower right abdominal 

quadrants. Mice death and weight were registered until day fifteen. 

 

 

In vivo drug treatment of ALL xenografts mice transplanted with a human ALL 

 

Animal experiment using RS4;11 cell line was approved by the Ethics Committee in Animal Experimentation 

of the State University of Campinas and registered under Protocol #3624-1. Ten million RS4;11 cells were 

washed with PBS and injected in unconditioned NOD/SCID (NOD.CB17-Prkdcscid/J) mice (The Jackson 

Laboratory, Bar Harbor, ME) via the tail vein. Animals were monitored every 7 days for leukemia 
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engraftment.(Lock et al., 2002) Briefly, blood was collected by retro-orbital bleeding into EDTA containing 

tubes, mononuclear cells were isolated by ficoll centrifugation and labeled with anti-human CD45-PE (clone 

HI30, BD Pharmingen,San Diego, CA or EXBIO, Prague, Czech Republic) and anti-mouse CD45- FITC (clone 

30F-11, BD Pharmingen) antibodies. The presence and quantity of leukemia cells was evaluated by flow 

cytometry in a FACSCanto II equipment (Becton Dickinson, Franklin Lakes, NJ). When human CD45(+) cells 

reached 0.5% of total CD45 peripheral blood cells in half of the animals, they were randomly distributed among 

the different treatment groups: placebo (saline solution), compound 12 (1 mg/kg, 1x per week, 

intraperitoneally), compound 12 (0.5 mg/kg, 3x per week, every other day, intraperitoneally) or compound 12 

(50 mg/kg, 2x per week, oral). Compound 12 was poorly dissolved when given at 50 mg/kg. Treatment lasted 

four weeks only. Every week, before the administration of saline or compound 12, weight was recorded and 

blood was collected to measure the percentage of leukemic cells (hCD45+ cells) by flow cytometry, as already 

described. Overall survival was measured from the date of  inoculation to animal death. 

The animal experiment using NALM6 and N6/ADR cells were conducted under protocol number #46695 

approved by the Institutional Animal Care and Use Committee at Penn State Hershey, Hershey, PA. NALM6 

and N6/ADR cells (5x104) were injected via tail vein into 4-6- week-old NRG, NOD-Rag1null IL2rgnull, NOD 

rag gamma mice (The Jackson Laboratory). Starting five days after cell injection, mice (n=5-6 per group) 

received vehicle (1% PVP, 4% DMSO, 95% PBS), compound 12 or vincristine daily via intraperitoneal at 

10mg/kg/day until their death. Overall survival was measured from the date of inoculation to animal death. 

After death, animals were checked for splenomegaly to confirm the death from leukemia. When necessary, flow 

cytometry analysis of spleen cells using anti human CD19 and CD10 antibodies was performed. 

 

 

Crystallization, data collection and structure determination 

 

Crystals of T2R-TTL were grown as described by Prota et al. (A. E. Prota et al., 2013; Andrea E. Prota et al., 

2013). Briefly, the T2R-TTL complex was crystallized by the vapor- diffusion method at 20°C. Crystals grew 

over night in precipitant solution consisting of 5% PEG 4K, 16% glycerol, 30 mM MgCl2, 30 mM CaCl2, 100 

mM MES/Imidazole, pH 6.5. The crystals were soaked for 3 hours at 20°C in reservoir solutions containing 5 

mM of compound 12, 10% PEG 4K and 16% glycerol, followed by a consecutive transfer to reservoir solutions 

containing 20% glycerol before flash-cooling in liquid nitrogen. Native data were collected at 100K at beamline 

X06SA of the Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland). Data were processed and 

merged with XDS (Kabsch, 2010). The T2R-TTL-compound 12 structure was determined by the difference 

Fourier method using the phases of the T2R-TTL complex (PDB ID 5LXT) in the absence of ligands and solvent 

molecules as a starting point for refinement. The models were first fitted by several cycles of rigid body 

refinement followed by simulated annealing and restrained refinement in Phenix (Adams et al., 2010). The 

resulting models were further improved through iterative model rebuilding in Coot (Emsley and Cowtan, 2004) 

and refinement in Phenix. The quality of the structures was assessed with MolProbity (Davis et al., 2004). Data 

collection and refinement statistics are given in Supplemental Table S1. Chains in the T2R-TTL complex were 
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defined as follows: chain A, α1-tubulin; chain B, β1- tubulin; chain C, α2-tubulin; chain D, β2-tubulin; chain 

E, RB3; chain F, TTL. Structure visualization, molecular editing and figure preparation were performed with 

the PyMOL molecular graphics system (The PyMOL Molecular Graphics System, Version 1.8.4.2. 

Schrödinger, LLC). 

 

 

Modeling 

 

To rationalize the observed structure/affinity relationship between the studied agents, both compound 7 and 21 

were first modeled into the colchicine site using the binding pose of the 3,4,5-trimethoxy-acylhydrazone moiety 

of compound 12 as a starting point and then minimized by using the MAB all atom force field in Moloc (Gerber 

and Muller, 1995). To accommodate the ligands, only the αT5- (173-182), the βT7- (245-251) and the βH10-

S9-residues (343-352) were relaxed during energy minimization, while all remaining residues were kept fixed. 

Statistical analysis 

 

The statistical tests are mentioned in each figure legend. Statistical analyses were performed using the 

GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) software. 

 

 

Data and Software Availability 

The accession number for the T2RT-TTL-compound 12 complex reported in this paper is PDB: 6F7C. 
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