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SUMMARY

Microtubules are cytoskeletal components involved in pivotal eukaryotic func-
tions such as cell division, ciliogenesis, and intracellular trafficking. They assemble
from ab-tubulin heterodimers and disassemble in a process called dynamic insta-
bility, which is driven by GTP hydrolysis. Structures of the microtubule and of sol-
uble tubulin have been determined by cryo-EM and by X-ray crystallography,
respectively. Altogether, these data define the mechanism of tubulin assembly-
disassembly at atomic or near-atomic level. We review here the structural
changes that occur during assembly, tubulin switching from a curved conforma-
tion in solution to a straight one in the microtubule core. We also present more
subtle changes associated with GTP binding, leading to tubulin activation for as-
sembly. Finally, we show how cryo-EM and X-ray crystallography are complemen-
tary methods to characterize the interaction of tubulin with proteins involved
either in intracellular transport or in microtubule dynamics regulation.

Microtubules are filaments of the eukaryotic cytoskeleton that assemble and disassemble in a process

called dynamic instability (Desai and Mitchison, 1997; Mitchison and Kirschner, 1984). The ab-tubulin het-

erodimer (hereafter called tubulin), identified more than 50 years ago as the protein that binds colchicine

(Borisy and Taylor, 1967; Wilson and Friedkin, 1967), was found as the main component of cytoplasmic mi-

crotubules (Weisenberg et al., 1968). The a and b subunits share more than 40% sequence identity (Little

et al., 1981) and, as expected from this similarity (Chothia and Lesk, 1986), they eventually turned out to

have very similar structures (Nogales et al., 1998). In addition, each tubulin subunit binds a nucleotide. A

GTP molecule is bound to a-tubulin and is neither hydrolyzed nor exchanged, whereas either GTP or

GDP can be found at the b-tubulin nucleotide binding site (Geahlen and Haley, 1977), defining GTP-tubulin

and GDP-tubulin, respectively. Only GTP-tubulin assembles in microtubules on its own, and microtubule

assembly is accompanied by GTP hydrolysis (Carlier, 1989).

Despite the high degree of conservation across species (Little et al., 1981), a variety of tubulin molecules

can be found in a single organism. Indeed, nine genes code for the a chain and nine genes code for the

b chain in humans (Janke andMagiera, 2020; Roll-Mecak, 2020). In addition to isotypic heterogeneity, which

results directly from a genetic contribution, post-translational modifications (PTMs) of tubulin have been

described. Most of them target the C-terminal tail of both subunits, which are the main disordered regions

of tubulin. They include the addition of chains of glutamate (polyglutamylation) or glycine residues (poly-

glycylation) (reviewed in Janke, 2014). Another modification is detyrosination of a-tubulin, which removes

the last amino acid of this subunit, an amino acid that may be added back to regenerate the original

sequence (Valenzuela et al., 1981). However, PTMs do not only concern the C-terminal tails. For instance,

acetylation takes place on Lys 40 of a-tubulin (L’Hernault and Rosenbaum, 1985) and the acetyl group may

then be removed (Hubbert et al., 2002). The combination of the differential expression of a- and b-tubulin

genes and of the PTMs collectively define a ‘‘tubulin code’’ conferring specialized functions to the micro-

tubule cytoskeleton (Janke and Magiera, 2020; Roll-Mecak, 2020).

Here, we will review advances in the mechanism of tubulin based on structural data. First, we will mention

the structural methods used to study tubulin and microtubules, highlighting their complementarity, with a

focus onmethods currently available to determine the structure of unassembled tubulin. Then we will show

how the structures enlighten the mechanism of microtubule dynamics, from tubulin activation upon GTP
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binding to structural changes associated with assembly, and its regulation by various proteins that bind to

tubulin or to microtubules. We will finally discuss areas where further progress in our understanding may

soon become possible.
COMPLEMENTARYMETHODS FOR THE STRUCTURAL STUDYOF TUBULINANDBINDING

PARTNERS

The microtubule is a cylindrical assembly of tubulin with a diameter of about 25 nm and a typical length of

several micrometers. In vivo, it most often comprises 13 parallel protofilaments in which tubulin molecules

are arranged head to tail, defining a (fast growing) plus end terminated by b-tubulin and a (slower growing)

minus end exposing a-tubulin. As such, it cannot be crystallized but is well suited for cryo-EM studies (re-

viewed in Downing and Nogales, 1998; Manka and Moores, 2018a; Nogales and Kellogg, 2017). Actually, it

has fully benefited from the advances of this method, the resolution having improved from 20 to about 3 Å

in less than 20 years (Nogales et al., 1999; Zhang et al., 2018). Cryo-EM is also suitable for studying the inter-

action with microtubule-associated proteins (or MAPs, taken in this review in a broad sense, i.e., proteins

that bind to soluble or microtubular tubulin), although the resolution of the MAP partner is usually lower

than that of the microtubule. In contrast, the size of soluble tubulin, about 100 kDa, makes this protein a

better candidate for X-crystallography structural studies, provided that the propensity of tubulin to self-

assemble into heterogeneous species is managed (see next section). Cryo-EM and X-crystallography are

highly complementary for studying microtubule dynamics structurally, as will be illustrated in this review

with the tubulin conformational changes during assembly and with the interaction of MAPs with tubulin

and/or microtubules. The study of microtubule-targeting agents is another example of this complemen-

tarity; this last aspect was reviewed recently (Steinmetz and Prota, 2018).

Microtubules and MAPs have also been studied by NMR spectroscopy as this method allows one to study

flexible segments of a protein, even when embedded in an assembly as large as the microtubule. Tubulin

itself has been produced as an NMR-labeled protein (Wall et al., 2016) to characterize the dynamicity of its

C-terminal tails, which are disordered and hence usually not seen in cryo-EM or X-ray crystallography

studies. The NMR data show that the C-terminal tails behave differently in comparison with isolated pep-

tides of the same sequence, indicating an interaction with the ordered regions of tubulin (Wall et al., 2016).

However, NMR spectroscopy has so far been mainly used to study the interaction of NMR-labeled MAPs

with unlabeled tubulin or microtubules. Probably the best example of such studies concerns Tau, an intrin-

sically disordered neuronal protein that stabilizes axonal microtubules (Lippens et al., 2016; Melkova et al.,

2019). Because many Tau residues remain NMR visible even in the presence of tubulin complexes, a model

for the enhancement of microtubule assembly by this protein could be proposed from the NMR character-

ization of such Tau-tubulin complexes (Gigant et al., 2014). Recent near-atomic cryo-EM data on Tau-deco-

rated microtubules (Kellogg et al., 2018) allowed discussion of the validity of the NMR-based model (Lip-

pens and Gigant, 2019).
PREVENTING THE SELF-ASSOCIATION OF TUBULIN LEADS TO ITS CRYSTALLIZATION

Because of the physiological importance of tubulin, there have been many attempts to determine its struc-

ture. A milestone in this quest was the discovery that stathmin increases the frequency of microtubule ca-

tastrophes (the transition from growth to shrinkage) (Belmont and Mitchison, 1996), which led to the iden-

tification of a stable 2:1 tubulin:stathmin assembly (Curmi et al., 1997; Jourdain et al., 1997) and, eventually,

to crystallization of T2R complexes made by tubulin with the stathmin-like domain (SLD) of the RB3 protein

(Figure 1A) (Gigant et al., 2000). Higher-resolution diffracting crystals from T2R were then obtained, either

after cleavage of the C-terminal tails of tubulin (Nawrotek et al., 2011) or by adding to T2R the tubulin tyro-

sine ligase (TTL) enzyme (Prota et al., 2013b). Eventually, these findings provided the basis for the design of

SLDs binding one to four tubulin heterodimers and the structures of the corresponding complexes were

determined (Mignot et al., 2012).

Although fruitful, the use of SLDs as tubulin-crystallization helpers prevents the structural study of com-

plexes with proteins whose binding site on tubulin overlaps with that of SLDs; such is the case, for instance,

of kinesins. It was therefore useful to elicit additional tubulin binders whose site does not overlap, for

instance, with tubulin residues exposed on the outer surface of microtubules. Such is the case of some De-

signed Ankyrin Repeat Proteins (DARPins) (Plückthun, 2015) selected to bind to tubulin immobilized with its

a subunit longitudinal surface (i.e., a surface engaged in tubulin-tubulin interactions along a protofilament)
2 iScience 23, 101511, September 25, 2020



Figure 1. Crystallization Helpers Prevent Tubulin Self-Assembly

(A) The T2R complex, composed of two tubulin heterodimers, with the a subunits in dark gray and the b subunits in light

gray, and one SLD of the RB3 protein (blue).

(B) The binding site of tubulin crystallization chaperones selected from libraries of artificial proteins to target either the b

subunit (e.g., D1 and D2 DARPins) or the a subunit (e.g., iE5, iiH5, and iiiA5 aReps).

(C) Assembly-blocked mutants of tubulin. In yeast tubulin, the T175R, V179R double mutation in b-tubulin impairs

longitudinal contacts between tubulin molecules, favoring crystallization. The position of the mutated residues is shown

on mammalian tubulin, because residue 175 was not traced in the yeast tubulin model. The D1 binding site is shown as a

reference.

(D) The crystallization helpers target tubulin surfaces (red and blue stars) to prevent the tubulin self-association into

straight (top, right) or curved (bottom, right) assemblies.
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facing the surface of the wells of microtiter plates (Pecqueur et al., 2012). The structures of several such

tubulin-DARPin complexes were determined and the DARPin-binding sites were found to be on the

b-tubulin longitudinal surface (Figure 1B) (Campanacci et al., 2019b; Mignot et al., 2012; Pecqueur et al.,

2012), i.e., the one at the opposite end of this protein with respect to the surface facing the microtiter plate

when DARPins were elicited. In an experiment reciprocal to the previous one, aReps, artificial proteins

based on a consensus sequence of a HEAT-like repeated motif (Urvoas et al., 2010), were selected to

bind to tubulin interacting with a high-affinity, slowly dissociating DARPin (Ahmad et al., 2016) immobilized

on amicrotiter plate. Indeed, the binding sites of three such aReps were found on, or close to, the a-tubulin

longitudinal surface (Figure 1B) (Campanacci et al., 2019a, 2019b).

The three families of proteins just described allow one to determine the structures of tubulin or of tubulin

complexes with MAPs because they form monodisperse assemblies with tubulin that crystallize. Since it is

now possible to design and produce mutants of yeast tubulin that disfavor self-assembly (Figure 1C) (John-

son et al., 2011), it is also possible to use such mutants in crystallization experiments. Such was the case

when the structure of the complex with tubulin of a TOGdomain of the XMAP215/Stu2p catalysts for micro-

tubule elongation was determined (Ayaz et al., 2012). The defining factor of these crystallization helpers,

either tubulin-binding proteins or mutations, is that they prevent the longitudinal self-association of tubulin

in assemblies in which tubulin is curved (e.g., rings or helices) or straight (as in the microtubule) (Figure 1D).

In the next section, we will describe more deeply these two general conformations, focusing on the struc-

tural changes associated with microtubule assembly.

THE TUBULIN CONFORMATIONAL CHANGES ASSOCIATED WITH MICROTUBULE

ASSEMBLY

Cryo-EM analysis of the microtubule core defines a straight conformation of tubulin, in which the a and b

subunits along a protofilament are aligned (or almost aligned; Figure 2A) (Alushin et al., 2014; Nogales

et al., 1999). In contrast, in all the X-ray structures determined so far, non-microtubular tubulin is curved:

in addition to a translation, as in straight protofilaments, a rotation is needed to superpose the a and b sub-

units of the tubulin heterodimer (Gigant et al., 2000). The rotation angle is variable, depending on the struc-

ture considered, with values ranging from about 9� to as much as 18� (Campanacci et al., 2019b) (Figure 2A).

The curvature may be modulated by tubulin-binding proteins, as postulated in the case of a KIF2A kinesin

construct, which forms a 2:1 tubulin:KIF2A complex (Trofimova et al., 2018). In this structure, the curvature

angle of the tubulin heterodimer bound to the kinesin motor domain is about 12�, whereas that of the
iScience 23, 101511, September 25, 2020 3



Figure 2. Tubulin Conformational Changes Associated with Microtubule Assembly

(A) Relative orientation of tubulin subunits in soluble and in microtubular tubulins. (Left) The structure of tubulin bound to

an aRep (pdb id 6GWC, b-tubulin in pink) is compared with that of tubulin in GMPCPP-microtubules (pdb id 6DPU, cyan).

The N-terminal domains of the a subunits have been superposed on their secondary structural elements and only

a-tubulin of 6GWC is shown (gray). (Right) Schematic illustration of the rotation angles needed to align the a and b

subunits in these two structures.

(B) Structural changes in the b subunit. (Top) The b-tubulin N-terminal domains of soluble tubulin (pdb id 6S8K) and of the

microtubule (pdb id 6DPU) have been superposed using their secondary structural elements; only that of soluble tubulin is

shown. The C-terminal helices coincide, whereas the intermediate domains are misaligned by about 7�, which also leads

to a translation of the H7 helix. Soluble tubulin is in gray, except for its intermediate domain, which is in yellow.

Microtubular tubulin is colored blue (intermediate domain, with the M-loop in purple blue), black (H6 and H8 helices), and

cyan (C-terminal helices). (Bottom) Schematic illustration of the movements.
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tubulin molecule interacting with the KIF2AN-terminal ‘‘neck’’ is greater than 15�. However, the angle value

observed in one particular crystal context should be interpreted with caution. Indeed, tubulin in complex

with crystallization helpers that bind to the distal a or b subunit longitudinal surface, hence that are unlikely

to influence the tubulin hinge, shows variable curvatures, arguing for a crystal packing effect modulating

curvature.

The curved-to-straight conformational change is accompanied by rearrangements within the tubulin sub-

units (Figure 2B). Based on the structure of tubulin in Zn-induced sheets of antiparallel straight protofila-

ments (Nogales et al., 1998) and on that in T2R, we reported that the intermediate domain of the tubulin

subunits moves with respect to a larger ensemble comprising the N-terminal domain and the C-terminal

H11-H110-H12 helices (Ravelli et al., 2004). The intermediate domain movement could be characterized

as a rotation of its b sheet and a translation of the H7 helix. Essentially the same conclusion can be derived

from the comparison of the higher resolution data that are now available, reaching 3.1 Å in the case of the

microtubule (pdb id 6DPU; Zhang et al., 2018) and 1.52 Å in that of a tubulin-DARPin complex (pdb id 6S8K;

La Sala et al., 2019). Interestingly, although the H7 helix is part of the intermediate domain, the adjacent H6

and H8 helices hardly belong to any of the two domains. When tubulin switches from curved to straight, H6

acts as a hinge between these two domains (Ravelli et al., 2004), whereas the H8 helix, which is a major

contributor to inter-subunit contacts along a protofilament, moves less than the intermediate domain (Dor-

léans et al., 2009).

The curved-to-straight transition of tubulin and the associated domain movements within subunits give rise

to microtubule-specific contacts between tubulin molecules. First, there is a marked increase of the surface

engaged in longitudinal contacts between tubulin subunits in straight protofilaments (Nogales et al., 1999)

compared with, e.g., that seen in the T2R complex (Gigant et al., 2000). The straightening of protofilaments

also allows lateral interactions (between tubulins of adjacent protofilaments) to be established. One of the
4 iScience 23, 101511, September 25, 2020
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key elements for lateral contacts is the so-called M-loop (‘‘M’’ for microtubule) (Nogales et al., 1999),

embedded in the intermediate domain. This loop undergoes a disordered-to-helical conformational

change during microtubule assembly (Figure 2B) (Prota et al., 2013a). Conversely, the straight-to-curved

switch during disassembly results in the loss of lateral contacts and in the lowering of longitudinal ones,

part of it being due to an H6-H7 loop conformation in curved tubulin that is not compatible with straight

protofilaments. Taken together, these changes provide a rationale for rapid microtubule disassembly,

which is characteristic of dynamic instability (Ravelli et al., 2004).

Although high-resolution views of straight and curved tubulin have been pictured, representing two

extreme points of its structural cycle, tubulin oligomers are expected to adopt intermediate conformations

upon assembly and disassembly. Cryo-EM analysis identified curved sheets at microtubule ends and led to

a model in which tubulin molecules undergo a slow conformational change between the tip of the sheet

and the beginning of the microtubule core (Chrétien et al., 1995; Guesdon et al., 2016). Intermediate con-

formations have also been visualized in GMPCPP-induced macrotubes of tubulin (Wang and Nogales,

2005). It should, however, be noted that, in these studies, the resolution remains too low tomake it possible

to discriminate tubulin subunits. Therefore, neither the degree of the curvature within heterodimers nor the

respective orientation of domains in the subunits could be determined.

HOW GTP BINDING ACTIVATES TUBULIN FOR MICROTUBULE ASSEMBLY

The activation of tubulin for microtubule assembly upon GTP binding is a key step inmicrotubule dynamics.

Because of the curved-to-straight transition from soluble to microtubular tubulin, an obvious hypothesis is

that GTP induces a straightening of tubulin upon binding, allowing microtubule-specific contacts to be

made, and hence incorporation in the microtubule. However, this proposal has been challenged. Indeed,

small molecule compounds that only bind to curved tubulin have similar affinities for GTP- and GDP-tubulin

(Barbier et al., 2010; Rice et al., 2008). Relatedly, X-ray structural studies indicate that tubulin has the same

overall curved conformation regardless of the bound nucleotide (Nawrotek et al., 2011; Pecqueur et al.,

2012). The question that arises is therefore how does GTP activate tubulin. When the first high-resolution

structures of soluble GDP- and GTP-tubulin became available, we proposed an activation mechanism

based on a conformational switch of the b-tubulin T5 loop (Figure 3A) (Nawrotek et al., 2011). This loop

is at the longitudinal end of the b subunit, nearby the exchangeable nucleotide binding site, and is involved

in contacts within protofilaments. With bound GDP, structural data define a T5 loop ‘‘in’’ conformation, in

which the T5 residue Asp177 (sequential numbering) interacts with the hydroxyl of Tyr222, the first residue

of the H7 helix (Figure 3B). The binding of GTP leads to a cascade of structural changes (Figures 3C and 3D),

including a movement of the T3 loop to optimize the interaction with the nucleotide (Figure 3E). The T3

movement triggers the destabilization of T5, characterized by the breakage of the Asp177-Tyr222 interac-

tion and a flipping of T5 in an ‘‘out’’ conformation, making Asp177 point to the solvent. Such a conformation

for a tubulin molecule at a protofilament plus end may favor its elongation, the acidic Asp177 side chain

being able to interact with basic residues of the a-tubulin longitudinal surface of an incoming heterodimer.

This model emphasizes the contribution of Tyr222 in the GTP-induced activation of tubulin. Tyr222 is

conserved in animals; relatedly, it has been shown that a Y222F mutation leads to a congenital develop-

mental disorder named circumferential skin creases Kunze type (CSC-KT) and that this mutation compro-

mises microtubule dynamics (Isrie et al., 2015). Interestingly, a Phe residue is found at this position in

b-tubulin of plants and of unicellular eukaryotes. Accordingly, tubulin purified from Chlamydomonas rein-

hardtii cilia is less dynamic than mammalian brain tubulin (Orbach and Howard, 2019). Additional charac-

terization is, however, needed to understand the effect of the Y222F substitution onmicrotubule dynamics.

INSIGHTS INTO THE MECHANISM OF MAPS SPECIFIC OF SOLUBLE TUBULIN

The possibility to crystallize tubulin, using either stabilizing proteins or assembly-blocked mutants, also

opens up the opportunity to crystallize tubulin-MAP complexes and to determine their structure. The

T2R complex was the first reported case of such a study, the SLD being both the crystallization helper

and the tubulin-binding factor (Figure 1A) (Gigant et al., 2000). Since then, several X-ray structures of

tubulin in complex with a MAP have been determined. These studies are complementary to cryo-EM of

MAP-decorated microtubules. The complementarity of the two methods is the most obvious for proteins

that bind either to soluble or to microtubular tubulin but not to both. Hence only one type of assembly, with

tubulin in the appropriate oligomeric state, can be formed. Structural data are expected to give a rationale

for this discrimination. For instance, among the proteins that are specific of soluble tubulin, the Chlamydia
iScience 23, 101511, September 25, 2020 5



Figure 3. How GTP Binding Activates Tubulin for Microtubule Assembly

(A) A cascade of rearrangements occurs in the b-tubulin nucleotide binding site upon GTP binding.

(B) With boundGDP, the T5 loop adopting an ‘‘in’’ conformation is prone to interact with the H7 helix Tyr222 residue (Top),

and the interaction of GDP with the T3 loop is mediated by water molecules (red spheres) (bottom).

(C) Following GTP binding, GTP would come too close to the NH amide of Asn99 from T3 (2.2 Å distance), illustrated by a

double red arrow in the superposed structures of GDP- and GTP-tubulin (top; GDP is not shown) and by a red star in the

schematic drawing (bottom).

(D) The conformation of T3 in GTP-tubulin is not compatible with the T5 ‘‘in’’ structure, as it would lead to a steric conflict

between Asn99 and Thr178 (double red arrow and red star in the top and bottom panels, respectively).

(E) In GTP-tubulin, T5 has switched to an ‘‘out’’ conformation (top) and T3 interacts directly with the GTP g-phosphate

(bottom). GDP-tubulin is in green and GTP-tubulin in cyan. Selected hydrogen bonds are shown as dashed black lines in

(B) and (E).
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pneumoniae CopN virulence factor targets the b subunit surface that is engaged in longitudinal contacts

along a protofilament (Figure 4A) (Campanacci et al., 2019a). In doing so, it prevents these contacts from

being made; hence, it inhibits microtubule assembly with a specific effect at the plus end (Figure 4B). These

properties have been reproduced with DARPins selected to bind b-tubulin (Figures 1B and 1D) (Pecqueur

et al., 2012) and are also shared by the PN2-3 domain of the centrosomal CPAP protein. In this last case,

although the structure of CPAP constructs in complex with tubulin has been determined (Sharma et al.,

2016; Zheng et al., 2016), only about 15 residues that bind to the lateral outer surface of tubulin could

be traced in the electron density map and no binding to the longitudinal b-tubulin surface was seen (Fig-

ure 4A). There is an obvious reason for this: these structures have been determined from a ternary complex

with a DARPin, which occupies this surface (Pecqueur et al., 2012). This apparent limit was advantageously

exploited in a competition experiment for tubulin binding between CPAP constructs and the DARPin.

Together with competition with other tubulin ligands of known binding site, either drugs or an SLD

Ncap peptide, and with inhibition of tubulin nucleotide exchange experiments, these results establish

that the PN2-3 domain caps the longitudinal b-tubulin surface (Cormier et al., 2009; Sharma et al., 2016;

Zheng et al., 2016). Relatedly, CPAP tracks and caps the microtubule plus end and inhibits its elongation.

In addition, it increases the frequency of rescues (the transition from shrinkage to growth) and decreases

that of catastrophes, enhancing microtubule stability (Sharma et al., 2016).

The SLDs, through their N-terminal b-hairpin (Ncap; Figure 4A), also inhibit tubulin longitudinal contacts, in

this case by capping the longitudinal surface of the a subunit (Ravelli et al., 2004), as do a-tubulin-specific

aReps (Figures 1B and 1D) (Campanacci et al., 2019b). In addition, the SLD C-terminal helix stabilizes the

two tubulin molecules of the complex in a curved conformation, not compatible with their incorporation in

the microtubule core. Accordingly, an SLD construct limited to this C-terminal helix still efficiently inhibits

microtubule assembly (Redeker et al., 2000; Steinmetz et al., 2000) but, different from a full-length SLD, re-

mains compatible with the formation of curved assemblies (Steinmetz et al., 2000). In the case of tubulin

tyrosine ligase (TTL), which adds a C-terminal tyrosine residue back to a-tubulin, modeling indicates that

binding to microtubules would in particular lead to steric hindrance with a neighboring protofilament
6 iScience 23, 101511, September 25, 2020



Figure 4. MAPs Specific of Soluble Tubulin Prevent Microtubule Assembly

(A) Composite figure of the structure of tubulin in complex with MAPs specific of soluble tubulin. The cellular proteins RB3

and CPAP and the bacterial protein CopN would overlap on tubulin, whereas TTL binds at a distinct site. Note that the

SLD of RB3 binds two tubulin molecules (see Figure 1A), only one being shown here.

(B) Schematic drawing illustrating the specific effect of CopN (pink star) as an inhibitor of the microtubule plus end

elongation. At that end, both free and CopN-associated tubulin molecules can elongate free protofilaments (right

protofilament). Once a CopN molecule is incorporated (left protofilament), it blocks the binding of additional tubulins

and impairs microtubule elongation through a capping mechanism. In contrast, at the minus end, the tubulin-CopN

complex cannot be incorporated and elongation will occur if enough free tubulin is available. At that end, inhibition will

be observed at high CopN concentrations through a tubulin sequestration mechanism. The steric conflict that prevents

TTL from binding to the microtubule (cyan stars) is also illustrated. The microtubule is schematized by two protofilaments

of three tubulins.
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(Figure 4B) (Prota et al., 2013b), in agreement with the observation that TTL inhibits microtubule assembly

in vitro (Szyk et al., 2011). More importantly, these results explain the selective modification of unassembled

tubulin. Because the tubulin tyrosine carboxypeptidases are more active on microtubules (Aillaud et al.,

2017; Nieuwenhuis et al., 2017), newly assembledmicrotubules are enriched in tyrosinated tubulin, whereas

detyrosinated tubulin is a marker of long-persistent microtubules.

THE MECHANISM OF MAPS THAT BIND TO MICROTUBULES, AS DEDUCED FROM THEIR

COMPLEXES WITH TUBULIN

The MAPs described in the previous section bind to tubulin in a way that prevents microtubule assembly.

The case of TOG domain-containing microtubule polymerases is more complex, as these proteins auton-

omously track the microtubule plus end (Brouhard et al., 2008), a feature potentiated by EB proteins (Li

et al., 2012; Matsuo et al., 2016). TOG proteins regulate microtubule dynamics, e.g., enhancing assembly

or promoting rescue. They often comprise arrays of TOG domains. For instance, XMAP215 family members

are composed of five TOG domains, whereas the yeast homolog Stu2p is a homodimer containing two

TOG domains per monomer. Structures of tubulin in complex with yeast TOG proteins have been deter-

mined. The constructs used contained either one TOG domain, forming a 1:1 complex with tubulin

(Ayaz et al., 2012, 2014), or two TOG domains, leading to a 2:1 tubulin:construct assembly (Nithianantham

et al., 2018). In all these structures, tubulin is curved, with the TOG domain interacting with both tubulin

subunits (Figure 5A). Interestingly, a protein construct with a single TOG domain has been shown to inhibit

microtubule assembly (Ayaz et al., 2012). The presence of several TOG domains, each one binding a tubulin

heterodimer to form an assembly in which tubulin longitudinal contacts are favored (Nithianantham et al.,

2018), is required for the polymerase activity. These results agree with a model in which TOG1 and TOG2

(and possibly TOG3) of XMAP215 capture soluble (curved) tubulin molecules, whereas TOG4 and TOG5,
iScience 23, 101511, September 25, 2020 7



Figure 5. The Mechanism of MAPs that Bind to the Microtubule, as Deduced from Their Complexes with Tubulin

(A) Composite figure of the structure of tubulin bound to a TOG domain and to a kinesin motor domain. CopN is shown as

a reference.

(B) A model for the microtubule polymerase activity of the TOG domain-containing XMAP215 protein. TOGs 1–3 (bright

green) capture soluble tubulin and favor longitudinal contacts (arrows), whereas TOG4 and 5 (dark green) and the

C-terminal domain (not shown) anchor XMAP215 at the microtubule plus end, possibly enhancing inter-protofilament

interactions.

(C) Structural basis for the effect of disease-related tubulin mutations on the interaction with kinesins. (Top) Overview of

the structure of tubulin bound to kinesin-1. b-Tubulin residues whose mutation is found in CFEOM3 are highlighted.

(Bottom) Close-up of the part framed in the top panel. Selected interactions, involving tubulin residues mutated in

CFEOM3, are shown as dashed lines.
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together with the C-terminal region, anchor the TOG protein to the microtubule plus end and might favor

contacts between protofilaments, hence enhancing microtubule assembly (Figure 5B) (Byrnes and Slep,

2017).

At first glance, the usefulness of X-ray crystallography to study MAP-tubulin complexes may seem less

obvious in the case of kinesins. The typical function of these motor proteins is to translocate along micro-

tubules to carry loads. The microtubule is thus their natural binding partner and, accordingly, cryo-EM is a

method of choice to study kinesin-decorated microtubules structurally. There is, however, a class of kine-

sins for which the structural study of complexes with soluble tubulin is fully justified, that of kinesin-13s.

Indeed, in addition to their function in intracellular trafficking, some kinesins regulate microtubule dy-

namics (Drummond, 2011). Among these kinesins, kinesin-13s are particular because they are not motile

but target microtubule ends to induce disassembly. Therefore, at some stage of their cycle, they are asso-

ciated with detached tubulin (Friel and Howard, 2011). X-ray structures indicate that kinesin-13s stabilize

curved conformations of tubulin and of tubulin assemblies (Trofimova et al., 2018; Wang et al., 2017) and

that this feature is an important contribution to the mechanism of microtubule disassembly. Similar results

have been obtained using a cryo-EM approach (Benoit et al., 2018).

Given that the resolution of the kinesin partner in cryo-EM maps is usually lower than that of the microtu-

bule (Kellogg et al., 2017; Locke et al., 2017), X-ray crystallography of tubulin-kinesin complexes may also

bring valuable information in the case of motile kinesins. This approach is further warranted because

biochemical data indicate that motile kinesins can also bind to soluble tubulin (Alonso et al., 2007). So

far, two X-ray structures of the motor domain of a motile kinesin have been determined in complex with

tubulin, those of the human kinesin-1 KIF5B in its two high-affinity states for microtubules, either without

nucleotide or in an ATP-like form (Cao et al., 2014; Gigant et al., 2013). The kinesin-binding site on tubulin

overlaps with that of TOG proteins (Figure 5A). These structural data support the ATP hydrolysis
8 iScience 23, 101511, September 25, 2020



Figure 6. Examples of MAPs Whose Structure Has Been Determined as a Complex with Microtubules but Not

with Tubulin

(A) Proteins that bind at the inter-protofilament interface. EB proteins (Maurer et al., 2012; Zhang et al., 2015) and

doublecortin (Fourniol et al., 2010) bind at the corner of four tubulin heterodimers, whereas the CKK domain of CAMSAP

proteins (Atherton et al., 2017a) targets two adjacent tubulin molecules.

(B) Schematic drawing of a 13-protofilament microtubule. EBs bind preferentially to the growing ends of microtubules

(shown here at the plus end), whereas CAMSAP targets and stabilizes the minus end. The binding mode of these proteins

implies that they do not target the microtubule seam (dashed line), where interactions between adjacent protofilaments

are heterotypic (a-tubulin interacting with b-tubulin and vice versa). Because they bind at the corner of four tubulin

subunits, these proteins can modulate both longitudinal and lateral interactions. In contrast, the microtubule-binding

repeats of Tau (magenta) bind at the crest of one protofilament, with a major effect on longitudinal contact stabilization.
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mechanism that has been proposed from the high-resolution structure of the isolated kinesin-5 Eg5

captured in an ATP-like state (Parke et al., 2010). Concomitantly to a cryo-EM study (Shang et al., 2014),

they have also enabled the identification of three subdomains within the kinesin motor domain. These sub-

domains reorganize along the kinesin cycle, linking the nucleotide state to movement. This model has

become a standard way of interpreting the structural mechanism of kinesins, beyond those of class 1 (Athe-

rton et al., 2017b; Locke et al., 2017).

The structural study of kinesin bound to soluble tubulin is also useful to understand the effect of muta-

tions at the molecular level. For instance, mutations in the b-tubulin TUBB3 isotype cause a disease

termed congenital fibrosis of the extraocular muscles type 3 (CFEOM3). Among these, the R262C/H,

E410K, and D417H/N substitutions were found to impair the interaction of kinesins with microtubules

(Tischfield et al., 2010). These in vivo data have been confirmed in vitro using purified tubulin mutants

(Minoura et al., 2016; Uchimura et al., 2006). These b-tubulin residues, mutated in the disease, do indeed

interact with the motor domain of kinesins, as deduced from the crystal structure of kinesin-1 bound to

tubulin (Cao et al., 2014; Gigant et al., 2013). b-Tubulin residues Arg262 and Asp417 make salt bridges

with the kinesin residues Asp279 and Arg278, respectively, whereas b-Glu410 interacts with His156 (Fig-

ure 5C). Therefore, structural data give a rationale for the effect of these TUBB3 mutations on kinesin

motility.

MAPS WHOSE STRUCTURE HAS BEEN DETERMINED AS A COMPLEX WITH

MICROTUBULES BUT NOT WITH TUBULIN

Finally, several families of MAPs have been shown to be better candidates for cryo-EM than for X-ray crys-

tallography studies (reviewed in Manka and Moores, 2018a; Nogales and Zhang, 2016). This is in particular

the case of MAPs that bind at the junction between protofilaments (Figure 6A), a site that is not fully formed

in soluble tubulin complexes whose structure has been determined. The binding of these MAPs is usually

not uniform along the length of the microtubule. For instance, EB proteins bind to the ends of growing mi-

crotubules (Duellberg et al., 2013; Mimori-Kiyosue et al., 2000), whereas CAMSAP proteins specifically

target the minus end (Goodwin and Vale, 2010; Jiang et al., 2014). In the case of doublecortin, binding

to growing microtubule ends (Bechstedt and Brouhard, 2012) and to the microtubule lattice has been re-

ported (Ettinger et al., 2016). It should, however, be noted that the binding preference is not absolute,
iScience 23, 101511, September 25, 2020 9
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allowing a uniform decoration of the entire microtubule length at higher MAP concentrations, a prerequi-

site for determining the cryo-EM structure of MAP-decorated microtubules.

These proteins may stabilize microtubules, as in the case of doublecortin, a protein that also favors nucle-

ation of 13-protofilament microtubules but does not promote elongation (Moores et al., 2006). CAMSAP

proteins also stabilize microtubules, either on their own (Jiang et al., 2014) or by preventing disassembly

catalyzed by kinesin-13 kinesins (Goodwin and Vale, 2010). The binding at the junction between protofila-

ments, hence cross-linking them, seems an ideal place for stabilizingmicrotubules. Another obvious option

to fulfill this function is to strengthen longitudinal contacts, as does the Tau protein (Figure 6B) (Kellogg

et al., 2018). Interestingly, similar to doublecortin, EB proteins bind at the corner of four tubulin hetero-

dimers, but they interfere with microtubule dynamics in a different manner. Although a mild increase of

microtubule growth has been measured in in vitro experiments, the most obvious effect of EBs is to

enhance catastrophe frequency, making microtubules more dynamic (Duellberg et al., 2013). Structural

and biochemical data suggest that EBs favor GTP hydrolysis and stabilize a transient GTP-hydrolysis inter-

mediate state of assembled tubulin (Zhang et al., 2015). In the context of the cell, the effect of EBs is even

more complex as they recruit to the ends of growing microtubules a range of proteins that themselves

regulate microtubule dynamics (Akhmanova and Steinmetz, 2015). Clearly, the structural study of proteins

interacting mostly with microtubules is at its beginning and, as more cases will be elucidated, the corre-

sponding mechanisms will be clarified.
PERSPECTIVES

X-ray crystallography and cryo-EM, by, respectively, defining structures of soluble tubulin and of the micro-

tubule, provide the proper framework to study microtubule dynamics and its regulation by MAPs and by

small molecule compounds. Despite continuous advances, additional data are still needed. Some of

themmight soon become available. For instance, the recent identification of crystallization chaperones tar-

geting a-tubulin represents an opportunity to study tubulin in complex with MAPs that bind to the b sub-

unit. This approach has already allowed the characterization of the structural mechanism of the

C. pneumoniae CopN protein (Campanacci et al., 2019a). In addition, methods to overexpress tubulin in

insect cells have been recently developed (Minoura et al., 2013; Vemu et al., 2016). These methods

make the study of the effects of mutations possible (Minoura et al., 2016; Roostalu et al., 2020; Ti et al.,

2016) and pave the way for the validation of structural models through a mutational approach. Clearly,

the study of microtubule dynamics and of its regulation continues to benefit from the development of

such tools.

An example where additional structural investigation is needed concerns the consequences of GTP hydro-

lysis that accompanies microtubule assembly. GTP hydrolysis converts the microtubule to a metastable

structure and is therefore at the basis of its dynamic instability (Desai and Mitchison, 1997). Because of

this hydrolysis, analogs of GTP and of GTP hydrolysis transition states are commonly used in the structural

study of microtubules as surrogates of GTP and of its hydrolysis products. But it is not always clear which

state they emulate and to what extent they do so. Another level of complexity comes from the fact that most

structures of the microtubule have been determined with a marker (e.g., a kinesin) used to distinguish be-

tween the a and b subunits during image analysis, a protein which itself may influencemicrotubule structure

(Peet et al., 2018). As a consequence, the effect of GTP hydrolysis remains a matter of debate (Alushin et al.,

2014; Estévez-Gallego et al., 2020; Manka and Moores, 2018b). The recent characterization of a tubulin

mutant unable to hydrolyze GTP (Roostalu et al., 2020) and the determination of the structure of undeco-

rated microtubules (Zhang et al., 2018) open the possibility to establish the structure of bona fide GTP-mi-

crotubules, although these would be constituted of a mutated tubulin.

At least two additional outstanding challenges remain for the understanding of the structural mechanism of

microtubule function. The first one concerns tubulin’s PTMs (Janke and Magiera, 2020; Roll-Mecak, 2020).

Many tubulin-modifying enzymes have been identified, and their structure, either isolated or bound to in-

hibitors or to tubulin peptides, has been determined. But the structure of a PTM ‘‘writer’’ or ‘‘eraser’’ in com-

plex with tubulin has been determined only in the case of TTL (Prota et al., 2013b). Such data are, however,

required to establish how these enzymes modify tubulin and, if applicable, their specificity for soluble or

microtubular tubulin. The structural basis for the recognition of modified tubulin by PTM ‘‘readers’’ is

also poorly understood. One difficulty is that many PTMs concern the C-terminal tail of both tubulin sub-

units and, in particular, their polyglutamylation and polyglycylation. These tubulin tails are flexible and
10 iScience 23, 101511, September 25, 2020
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probably remain so even in complex with a PTM writer, eraser, or reader. Although NMR spectroscopy may

bring some information (Wall et al., 2016), classical structural biology at high resolution may not be the best

method for this objective.

A second pending challenge is the characterization of transient or sparsely populated tubulin structures.

These include ‘‘defects’’ in the microtubule lattice, which may be involved in rescue events (Aumeier

et al., 2016; de Forges et al., 2016), and also tubulin in a curved-to-straight intermediate conformation,

be it before microtubule incorporation or at microtubule ends. These last structures are the binding site

of various MAPs targeting one or the other end of the microtubule (Akhmanova and Steinmetz, 2019).

Although the binding mode of some of them has been determined from decorated microtubules, as in

the case of CAMSAP (Atherton et al., 2017a) and EBs (Maurer et al., 2012), the end-binding preference re-

mains poorly understood in most cases. For instance, it is not clear how TOG domains 4 and 5 of XMAP215

target the lattice at the microtubule plus end rather than free tubulin. More fundamentally, the structural

pathway of tubulin during assembly, from curved tubulin in solution to its incorporation at microtubule

ends and then in the microtubule core, has not been established. Such data would be helpful to further

characterize GTP hydrolysis that accompanies microtubule assembly. They are also needed for a better un-

derstanding of the mechanism of microtubule nucleation, either templated or from a pure tubulin solution.

One possibility to meet this challenge is based on cryo-electron tomography, which does not require the

averaging needed in cryo-EM but remains for the time being a low-resolution method (Guesdon et al.,

2016; McIntosh et al., 2018). Another possibility would be to design scaffolds for tubulin complexes that

mimic transient assemblies. Artificial tubulin-binding proteins might be useful in this case. For instance,

tandem repeats of a DARPin (Pecqueur et al., 2012) or of an aRep (Campanacci et al., 2019b), in which

two copies of the protein are covalently linked, can bind two tubulin heterodimers and inhibit microtubule

assembly more efficiently than the monomeric parent constructs. It remains to be determined whether

these assemblies will incorporate tubulin in an intermediate conformation or whether they just represent

starting points for the design of larger, more faithful intermediate-like structures. Whatever the case,

such assemblies would be well suited to X-ray crystallography or cryo-EM studies that would further

enhance our understanding of microtubule assembly.
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