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Abstract

As non-crystallizable polymers, microtubules have been the target of cryo-electron microscopy 

(cryo-EM) studies since the technique was first established. Over the years, image processing 

strategies have been developed that take care of the unique, pseudo-helical symmetry of the 

microtubule. With recent progress in data quality and data processing, cryo-EM reconstructions 

are now reaching resolutions that allow the generation of atomic models of microtubules and the 

factors that bind them. These include cellular partners that contribute to microtubule cellular 

functions, or small ligands that interfere with those functions in the treatment of cancer. The stage 

is set to generate a family portrait for all identified microtubule interacting proteins and to use 

cryo-EM as a drug development tool in the targeting of tubulin.

Tubulin organization within the Microtubule: symmetry or no symmetry?

The microtubule (MT) is a highly conserved and essential cytoskeletal polymer built of αβ-

tubulin that undergoes remarkable dynamics powered by the energy of GTP hydrolysis. In 

the MT, tubulin dimers add head-to-tail making linear protofilaments (PFs), which 

themselves interact in parallel, with a certain lateral curvature and stagger, giving rise to the 

cylindrical shape of the MT. The contacts between PFs involve homotypic interactions (α-

tubulin interacting with α-tubulin and β-tubulin with β-tubulin), except at a special site, 

referred to as the seam, in which heterotypic contacts are required to close the lattice of the 

most common MT assembly, containing 13 PFs (Fig. 1). This seam breaks true helical 

symmetry, although the MT can still be considered a helix of tubulin monomers if the 

differences between α- and β-tubulin are disregarded. Indeed, given the high similarity in 
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the structure of the two tubulin subunits [1], MTs appear helical at low resolution, with an 

axial repeat of ~40 Å corresponding to the size of each tubulin protein (Fig. 1). This 

apparent symmetry is immediately broken when a MT-binding protein that recognizes 

specific sites on the αβ-tubulin dimer is bound to the MT surface (a couple of rare 

exceptions will be mentioned later). These geometrical considerations are important in 

structural studies of MTs and their interaction with binding partners. In this review, we 

briefly summarize the technical advances that have led to the progressive improvement in 

the resolution of cryo-EM structures of MTs that now allow the generation of atomic 

models, and then concentrate on the biological insights provided by recent MT structures.

Brief historical overview and how we have coped with the MT seam

As a polymer, the MT is not amenable to crystallization for X-ray studies and thus its 

structure has been pursued over the years using electron microscopy, both in vivo and in 
vitro. With the advent of cryo-EM to visualize frozen-hydrated samples, well preserved MTs 

became an obvious sample for structural characterization by this methodology. Many of the 

early cryo-EM MT studies involved the interaction of the motor protein kinesin with MTs. 

As helical Fourier methods were an obvious choice at the time, and given the problem 

caused by the seam mentioned above, many of such studies relied on the presence of a small 

percentage of MTs that in vitro are composed of 15 PFs organized in a 4-start helix [2–4], 

instead of the most common 3-start helix, 13-PF or 14-PF lattices. Such MTs do not have a 

seam and thus are true helical arrays of αβ-tubulin dimers. Given their scarcity, a typical 

reconstruction of these helical MTs used only one or a few MT images and was limited to a 

resolution of 20–25 Å. Downing and Li, with the use of a high-end (400 keV) electron 

microscope, the average of many more images, and ignoring the seam in the study of 

unbound MTs (and thus averaging α- and β-tubulin), dramatically improved the resolution 

to better than 10Å [5]. After that sharp resolution jump, the field stagnated for over a decade 

in terms of resolution improvement, with structures limited to 8 Å in the best of cases, 

although not in terms of new biological insights. The sub-nanometer resolution proved very 

useful in hybrid methodologies that involved docking crystal structures in a significant 

number of studies concerning the interaction of different cellular factors bound to MTs [6–

8]. Through the last decade, image analysis strategies shifted from Fourier Bessel 

reconstruction to real space-based approaches, most significantly the Iterative Helical Real 

Space Reconstruction (IHRSR) method developed by Ed Egelman [9,10].

Our lab (i.e. Gregory Alushin and Gabriel Lander) implemented a pipeline for MT cryo-EM 

reconstruction that built on the IHRSR and in the use of non-helical averaging strategies as 

originally developed by Sindelar and Downing [11], to finally break the previous resolution 

barrier for the MT, obtaining structures at about 5 Å [12]. To reach that resolution required 

that α- and β-tubulin be distinguished and the seam located in order to align small, 

overlapping fragments of MTs (that ultimately corresponded to a total MT length of ~ 6 

mm!). To be able to accomplish this in the context of the noisy images obtained by cryo-EM, 

and given the similarity between α- and β-tubulin, we used a kinesin motor domain as a 

fiducial for alignment of the tubulin dimer and the seam. The resulting ~5 Å structures were 

interpreted at the atomic level through the use of Rosetta modeling by using the fit to the 

cryo-EM map as an additional term in the energy function for minimization [13,14]. With 
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the advent of direct electron detectors for data collection, it suddenly became possible to 

obtain higher resolution with significantly less data. Together with improvements to the 

computational scheme, including a method for accurately determining the position of the 

seam in our MT images (by Rui Zhang) [15], we have now reported a number of structures 

in the 4 to 3.5 Å resolution regime that allowed the generation of atomic models from the 

cryo-EM density maps. These studies have included MTs that were bound by different MT-

associated proteins (MAPs), thus eliminating the need of kinesin as a fiducial. Although 

smaller than the kinesin head, these MAPs still provide sufficient signal for alignment of the 

seam, thus avoiding mixing of α- and β-tubulin. Our studies have most recently included the 

description of the effect of MT stabilizing drugs on MT structure, contributing to our 

understanding of how they exert their function. The resolution of our drug-bound MTs 

allowed the direct visualization of the binding site and thus supports the promise of cryo-EM 

for use in drug discovery/optimization.

Recent cryo-EM structures of MTs bound to associated factors

Within the last two years a number of cryo-EM structures of MTs bound to an associated 

protein factor have been reported at resolutions that allow atomic modeling (for an overview 

of recent structures over the last four years please see our previous review [16]). In almost 

all cases, the crystallographic structure of the MAP had been obtained in isolation, and the 

cryo-EM analysis enabled very accurate determination of the MT-MAP interaction surfaces 

using the crystal structure as a starting point for refinement into the density. An emergent 

theme is that some regions that interact with tubulin that may have been disordered in the 

crystal structure, or in a conformation dictated by crystal contacts, need to be (re)built as 

they become newly structured on the MT surface. An example is that of the +Tip protein 

EB3. Its calponin homology domain interacts with four adjacent tubulin dimers across both 

longitudinal and lateral interactions within the MT [8,17]. The interface in EB3 includes the 

extended N terminus (residues 1–16), which had to be rebuilt as it contacts helices H4 and 

H5 in α-tubulin and helix H12 in the adjacent β-tubulin (Fig. 1A) [17]. Another example is 

the MT crosslinker/organizer PRC1 [18]. The major MT-interaction region in this protein 

corresponds to a small spectrin domain of three alpha helices. One of the loops, connecting 

helices H7 and H8 (nomenclature from crystal structure PDB:3NRX [19]) that was 

disordered in the crystal, corresponds to the major contact point with the MT (Fig. 1B). Our 

atomic model of this loop, as built on our cryo-EM map, identified a key arginine residue 

(R381) that is conserved in kinesin (R278 in kinesin 1) and in both cases interacts with β-

tubulin’s D427 on the MT surface (Fig. 1C). This unexpected conservation points to a 

convergence in the use of this tubulin region for interaction by different protein factors via 

very distinct structural modules. Folding or restructuring on the MT surface may be, 

therefore, a widespread feature of MAPs, and will likely be even more salient in intrinsically 

disordered proteins such as the classical MAPs tau and MAP2.

It is also interesting to point out that, based on the yet limited number of MAP structures 

bound to MTs, the same protein fold can bind very different surfaces on the MT. For 

example, the calponin homology (CH) domain of the Ndc80 protein within the Ndc80 

kinetochore complex binds on the crest of the PF [20,21], while the CH domain of EB 

proteins binds in the crevasse between two PFs [8,17]. On the other hand, the MT binding 
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region of doublecortin, which is not a CH domain, binds almost the same site on MTs as EB 

proteins [22]. Another example just described, of two totally different domains that interact 

with a common pocket on the MT surface using the same key amino acid, is that of the 

motor domain of kinesin, an ATPase related to G proteins, and the spectrin domain of PRC1 

[18]. These examples demonstrate that the presence of a protein domain in a certain MAP 

does not dictate how it binds the MT based on what is known for other MAPs, invalidating 

what would have seemed reasonable predictions. This fact only adds to the fascinating 

complexity of MT binding motifs and the versatility of the MT surface as a landing pad for 

different cellular factors.

Structure of MTs from alternative sources

Most structural studies of tubulin and MTs to date have been carried out using tubulin 

purified from mammalian brain, a very rich source that, nevertheless, contains a complex 

mixture of tubulin isoforms and post-translational modifications [23]. With the development 

of new purification strategies [24] and expression systems [25,26], it has recently become 

possible to study more pure tubulin samples from alternative sources. A number of recent 

structural studies have now used recombinant human tubulin [25,27] and purified yeast 

tubulin [28] (which is significantly simpler in terms of tubulin isoforms). The latter opens 

the possibility to carry out parallel in vitro and in vivo studies in the characterization of 

tubulin mutants, as well as to explore, given the evolutionary distance between yeast and 

mammalian tubulin, the conservation (or not) of different structural properties between these 

two MT systems. Indeed, we have identified a number of surprising differences between 

yeast and mammalian MT concerning structure and interaction with binding partners. In our 

in vitro assembled MT studies, yeast MTs systematically have fewer PFs than their 

mammalian counterparts. Sequence differences around the lateral contacts may explain this 

observation. Both the number and nature of these sequence differences (a significant number 

of mammalian residues at the lateral contact correspond to serines in yeast tubulin) have the 

potential to alter slightly the geometry of the contacts, as well as their strength [28].

More intriguingly, the conformational change in α-tubulin that gives rise to a lattice 

compaction upon GTP hydrolysis [12,17] (as observed by comparing mammalian MTs 

bound to the slowly hydrolysable GTP-analog GMPCPP versus those bound to GDP), is not 

seen in yeast MTs [28]. For yeast, both GMPCPP stabilized MTs and MT grown in the 

presence of GTP appear extended. However, the binding of Bim1, a homolog of the human 

EB3, causes compaction, as does binding of GTPγS. Our previous mammalian studies 

showed that the GTPγS MT lattice is indeed compacted, leading us to propose that it may 

correspond to a GDP-Pi state [17]. We have also observed that EB3 speeds up the hydrolysis 

of GMPCPP, leading to a model in which EB proteins promote GTP hydrolysis [17]. In the 

context of yeast MTs, our observations suggest that GTP hydrolysis is delayed or partial in 

yeast MTs, but significantly promoted by Bim1. Interestingly, binding of Bim1 to yeast MTs 

was also distinct from the binding of EB3 to mammalian MTs. While the latter binds MTs 

with a tubulin dimer repeat, as most MAPs do, Bim1 binds yeast MTs with a tubulin 

monomer repeat, that is, double the stoichiometry [28]. A similar difference in binding 

pattern has also been previously observed for the Ndc80 kinetochore complex, which binds 

with the classical tubulin dimer repeat in C elegans, but with a tubulin monomer repeat in 
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humans [7,20,21,29]. These observations indicate that the propensity of a MAP to 

distinguish or not α and β tubulin monomers can be exquisitely tuned by just a few amino 

acid changes. The biological significance for these binding differences across species is a 

fascinating subject in its own right.

Cryo-EM in the study of antimitotic agents

Tubulin is the target of a number of antimitotic, anticancer drugs that bind to tubulin and 

affect MT dynamics. While some of these agents have been shown to destabilize MT in 
vitro, others act as MT stabilizers. In the latter group is Taxol, a broadly used drug in the 

treatment of solid tumors. The binding site of this drug was described in the electron 

crystallographic structure of zinc-induced tubulin sheets [30,31]. This site is utilized by 

other agents, including zampanolide, which binds to it covalently. The binding of 

zampanolide and other taxane-site binders (e.g. epothilones) has been described in X-ray 

crystal structures of assembly-inhibited tubulin [32]. A novel class of MT stabilizers include 

peloruside, which binds to an alternative site on tubulin as described in another 

crystallographic study [33]. The increase in resolution afforded by direct detectors and the 

improvement in image analysis now allows the visualization of small molecules bound to the 

MT as well as any changes that they cause to the MT structure. Our lab has recently reported 

the structures for Taxol-, zampanolide- and peloruside-bound MTs at resolutions of 4.2 to 

3.9 Å [34] (Fig 1D–F). These structures confirm that the site and mode of binding described 

in the previous electron and X-ray crystallographic studies are the same in the context of the 

assembled MT. Surprisingly, the effect of taxane and non-taxane site binder appears to be 

opposed. We have now described how the binding of Taxol and zampanolide, at a pocket on 

tubulin that faces the MT lumen, makes the MT lattice more irregular through deformations 

at lateral contacts, such that the MT cross section deviates from a perfect circle (Fig. 2). 

These irregularities explain why it has been more challenging to obtain high resolution cryo-

EM reconstructions in the presence of this agent. Thus, the intrinsic disorder of the Taxol-

bound MT lattice is a factor that should be taken into account when designing and 

interpreting structural and biophysical studies of MTs.

In contrast to the disorder introduced by drugs that bind at the Taxol site, peloruside, which 

binds on the outside surface of the MT, right at the point of contact between PFs, regularizes 

the MT lattice. We have previously shown that most MTs, including dynamic MTs not 

bound by drugs, deviate from a cylindrical shape at the seam, where a small rotation (2–3°) 

of the PFs at the seam make the interface separate slightly. This slight deformation at the 

seam is best visualized by comparing the cryo-EM density map obtained without any 

symmetrization (i.e. C1 reconstruction), to one in which the PFs have been averaged by 

imposing pseudo-helical symmetry [17]. Generally we found that the deformation is larger 

for less stable MTs (e.g. GDP versus GMPCCP). We also observed previously that EB3, 

which binds across PFs, except at the seam, regularizes the lattice and closes up the seam, 

likely by serving as a wedge that fixes the angle across the non-seam contacts to make the 

seam interface come into perfect register [17]. Our recent drug study shows that this is the 

case also for peloruside (Fig 3) [34]. In the case of this stabilizing drug, which binds by the 

lateral interface between PFs, our C1 reconstruction shows very clearly that peloruside 

binding is maintained at the seam. Thus, peloruside appears to regularize the MT lattice both 
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by promoting the appropriate angle between PFs, but likely also by “stapling” the seam. 

When MTs are bound to both Taxol and peloruside, the effect of peloruside on lateral 

interfaces is imposed and the MT lattice is regularized.

These cryo-EM studies are an example of how the resolution obtained by this methodology 

now allows the visualization of drug binding and opens the door to the use of cryo-EM in 

drug development and optimization. By carrying out the studies on the full assembly that the 

drug naturally binds to, the studies go beyond identifying the binding site and provide 

information of its global effect on the tubulin assembly, just as it applies to the binding of a 

drug to a protein within a large macromolecular complex.

Conclusions and perspectives

Cryo-EM studies of MTs and their associated cellular factors or binding drugs are now 

producing high resolution structures, often allowing the generation of atomic models, and 

leading to a wealth of new biological information for a cytoskeletal system critical for the 

life of the cell and of significant medical value. Given the large number of interacting 

partners, many levels of regulation, and the myriad of cellular functions MT are involved 

with, the number of important biological questions that remain unanswered will keep 

structural biologists busy for a while. Those questions include not only how does the MT 

interact specifically with such a diverse array of known MAPs and small molecules, but how 

or whether these binding events are integrated on the MT surface to affect each other and the 

dynamic fate of the MT. The cryo-EM studies of MTs in the years to come will undoubtedly 

contribute to building a mechanistic understanding of this complex and fascinating 

biological system.
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structurally regularizes the seam in a way reminiscient of EB3. 
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Highlights

• Technical progress leads to high-resolution cryo-EM structures of 

microtubules (MTs)

• Atomic details of MT-binding proteins and antimitotic drugs bound to MTs

• Characterization of the MT seam: a possible target of MT stability regulation

• Plasticity of structural modules in the binding of MTs with their cellular 

partners

• Cryo-EM of MTs shows high potential for drug development and 

improvement
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Fig. 1. – Cryo-EM visualization of drug and protein binding on the microtubule surface
The MT lattice is shown (left) along with the location of associated MAPS: EB3 (A), PRC1 

(B), kinesin (C), and small molecules: peloruside (D), Taxol (E), and zampanolide (F). The 

seam is indicated with a white dashed line and the arrow indicates the heterotypic (β/blue–α/

green) interactions across the seam. Insets displayed on the right correspond to experimental 

cryo-EM maps at the site of interaction of each factor with tubulin.
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Fig. 2. – Flexible deformation of the microtubule lattice in the presence of drugs that bind the 
Taxol site
End-on outlines of two representative cryo-EM maps (each color represents a different 

“class” out of the five classes in which the full data set was separated during 3D 

classification (see [34]): red for class 1, blue for class 2) illustrating the variability observed 

among Taxol-bound microtubules.
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Fig. 3. – Microtubule lattice regularization by peloruside and EB3
End-on view of the un-symmetrized (C1) 3D reconstruction of the peloruside-bound 

microtubule (top panel, in transparent pink) showing the closing and regularization of the 

seam with respect to C1 3D reconstruction of the drug-free microtubule (tubulin in blue and 

kinesin is gray). The same closure at the seam is observed when the later is compared with 

the EB3-bound microtubule C1 reconstruction (bottom panel, transparent pink, with EB3 

density highlighted in orange).
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