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ABSTRACT: Microtubules (MTs) are essential cellular machines built from concatenated αβ-
tubulin heterodimers. They are responsible for two central and opposite functions from the
dynamic point of view: scaffolding (static filaments) and force generation (dynamic MTs).
These roles engage multiple physiological processes, including cell shape, polarization, division
and movement, and intracellular long-distance transport. At the most basic level, the MT
regulation is chemical because GTP binding and hydrolysis have the ability to promote assembly
and disassembly in the absence of any other constraint. Due to the stochastic GTP hydrolysis, a
chemical gradient from GTP-bound to GDP-bound tubulin is created at the MT growing end
(GTP cap), which is translated into a cascade of structural regulatory changes known as MT
maturation. This is an area of intense research, and several models have been proposed based on
information mostly gathered from macromolecular crystallography and cryo-electron
microscopy studies. However, these classical structural biology methods lack temporal
resolution and can be complemented, as shown in this mini-review, by other approaches
such as time-resolved fiber diffraction and computational modeling. Together with studies on structurally similar tubulins from the
prokaryotic world, these inputs can provide novel insights on MT assembly, dynamics, and the GTP cap.

■ INTRODUCTION
The essential role of MTs in the cell division and
vascularization process made these cellular structures an
obvious target in the treatment of cancer. In addition, their
implication in intracellular long-distance transport and
scaffolding is behind the pharmacological regulation of MTs
in inflammation and neurodegeneration. There is a plethora of
MT-regulating compounds that bind to up to eight different
pharmacological pockets in tubulin1−3 and either activate or
turn off the tubulin molecule, hence perturbing MT function
through stabilization or disassembly. Often, MT stabilizing
agents (MSAs) promote assembly and settle the structure of
these filaments through the axial and/or the lateral contacts,
whereas destabilizers (MDAs) prevent (curved-to-straight)
conformational changes upon assembly or block the axial
molecular interacting surfaces, thus preventing the formation
of MTs. However, the precise structural mechanisms under-
lying the pharmacological regulation of tubulin are, in some
cases, not well known yet, and this hampers the rational fine-
tuning of MT function in those diseases without inducing
further alterations conducive to side effects during treatments.

The spatial and temporal control of MT assembly and
dynamics is finely tuned through a complex regulatory system
that relies both on tubulin itself (isotype production and
posttranslational modifications) and on an interacting network
of partner proteins. At the simplest level, tubulin is a molecular
switch regulated by guanine nucleotides. GTP binding induces
an assembly-prone conformation (i.e., tubulin activation),

while in the GDP-bound state tubulin is deactivated. MTs are
nanomachines that grow from the successive addition of GTP-
bound αβ-tubulin heterodimers to the tips and shrink through
the loss of GDP-tubulin molecules from the tips. Since the
GTP-binding site and the crucial catalytic residue (αE254) are
in opposite regions of the tubulin molecule, MT assembly is
required for the completion of the catalytic site, both by the
obvious need of longitudinal contacts and through a curved-to-
straight conformational change in tubulin, resulting from the
formation of lateral contacts.4 The combination of noncoupled
stochastic GTP hydrolysis in β-tubulin and the progressive
incorporation of tubulin molecules at the tip creates a chemical
gradient because GTP-tubulin evolves to form the inter-
mediate GDP·Pi-tubulin and finally GDP-tubulin (in the core
of MTs), in what is known as a tip maturation process.5,6

Remarkably, this chemical gradient constitutes the central
point of the cellular MT regulation by MT-associated proteins
(MAPs) because these specifically recognize structural states
derived from the chemical signals at the MT ends.7,8 Many
MAPs bind to certain areas on MTs and modulate their
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growing and shrinking behavior. Consequently, the research on
MT regulation has to focus on understanding how the
chemical gradient translates into structural changes that are
recognized by these endogenous regulators.

It is known that tubulin has structural plasticity, which is
associated with changes in the chemical state and the
environment. Noteworthy, there are options to exert a
pharmacological control on all of these changes. The first
structural transition described in tubulin is related to the
association state. Unassembled tubulin is in a “curved”
conformation (Figure 1A), irrespective of the nucleotide-
bound state.9 Importantly, the “curved” conformation is also
present in oligomeric aggregates10 and at the MT tips.11

Meanwhile, in MTs4 and in Zn2+-induced polymers,12 tubulin
is in a “straight” conformation (Figure 1A). The curved-to-
straight conformational transition is associated with the
formation of lateral contacts between tubulin molecules and
can be pharmacologically blocked through two of the drug-
binding sites: (i) colchicine13�the main alkaloid of the
flowering plant Colchicum autumnale�and (ii) gatorbulin2�a
cyclic depsipeptide from marine cyanobacteria. The second
conformational change is related to the MT lattice and found
in early reports that revealed how MTs assembled from
guanosine 5′-[(α,β)methylene]triphosphate (GMPCPP), a

slowly hydrolyzable GTP analogue. This induced a helical
repeat slightly longer than that found in MTs assembled from
GTP, indicating that GMPCPP-tubulin dimers are expanded
compared to GDP-bound ones.14 Because GMPCPP-tubulin is
considered a GTP-like bound state, the active form of tubulin
has been related to an “expanded” conformation (Figure 1B).
However, since guanosine 5′-[(α,β)methylene]diphosphate
(GMPCP)-bound tubulin (a GDP-like bound state) is likewise
“expanded”,5 it is now clear that expansion is independent of γ-
phosphate tubulin activation. Very likely, in these cases, MT
lattice expansion is related to the presence of a methylene link
between the β- and γ-phosphates. Importantly, this conforma-
tional change can be induced by drugs binding to the taxane
site, e.g., paclitaxel.5,14 Finally, a local conformational transition
involving loop T5 denotes the presence of GTP or GDP at the
nucleotide-binding site. The loop is in an “out” conformation
in the presence of GTP (active tubulin) and in an “in”
conformation in the presence of GDP9 (Figure 1C).
Otherwise, different phosphate (AlF4

−, BeF3
−) and nucleotide

analogues can perfectly mimic this conformational transition,5

and taxane-site binders can force the transition toward the
“out” active conformation.15

In addition to these conformational changes, structural
plasticity is also evident at the lateral interfaces between

Figure 1. (A−D) Scheme of the main conformational changes in tubulin and MTs.13,14,16,25 (E) Prokaryotic tubulins described in the
manuscript.23,24
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protofilaments. In solution, MTs have certain flexibility to
accommodate different numbers of protofilaments, though the
most common assembly includes 13 protofilaments (Figure
1D). Interestingly, different nucleotide analogues modulate
this number, which can be easily increased or decreased,5,14

and both taxane-site16 and laulimalide-site MSAs17 affect
lateral contacts between protofilaments and shift the MT
structure toward thicker or thinner filaments as well.
Importantly, this shift will directly affect the twist of each
protofilament in the MT lattice. In conclusion, the chemical
state at the nucleotide-binding site modifies the structure of
tubulin and subsequently the MT lattice, changing structural
signals recognized by MAPs. In addition, drug modulation
directly affects the structure of tubulin and MTs, thus
highlighting how the pharmacological regulation can have
important consequences on the signaling.

Although “knowing the structure is a way to understand
function” (Max Perutz), the structural studies available only
provide individual frames taken from the full movie of the
functioning of macromolecular complexes. In fact, the study of
tubulin and MTs is a continuous challenge from the structural
point of view because of tubulin’s essential flexibility (crystals
can be obtained only in the presence of partner proteins that
block tubulin interfaces), MT size (they grow over lengths of
several microns), and variability in nature (there exist clear
chemical and structural differences associated with the
nucleotide-bound state). Therefore, the interpretation of how
chemical changes in the tubulin subunits translate into the
observed tubulin structure and thereafter into the structural
changes described in the MT cap remains controversial.

Macromolecular X-ray crystallography has provided high-
resolution structures of tubulin bound to GTP, GDP, and
different nucleotide and phosphate analogues (GMPCPP, 5′-
[(β,γ)methylene]triphosphate (GMPPCP), GDP·BeF3

−, and
GDP·AlF4

−)5,9 and a broad range of tubulin-modulating
drugs.1,2,18 However, for obtaining the full movie of how
these structural changes occur during MT growth and
understanding their relationship with the different MAP
binding patterns, structural biology must beat the nonuniform
and dynamic nature of MTs. Classical structural studies require
homogeneous samples to compensate for the low signal
provided by individual molecules with the redundancy from
perfectly organized molecules,19 and hence the highly variable
structure of the cap is not well suited for this kind of approach.
Alternatively, models able to mimic different chemical states
have been used to infer the structure of the cap.5,6,14 These
models rely on three types of ligand or protein modifications
that result in structurally homogeneous MTs: (1) nucleotide
analogues, such as the nonhydrolyzable GMPPCP and
guanosine 5′-O-[γ-thio] triphosphate (GTP-γS) or the slowly
hydrolyzable GMPCPP, which have been developed as
structural analogues of the GTP and the GDP·Pi intermediate
states;5,14 (2) phosphate analogues, such as BeF3

− and AlF4
−,

which can bind to the empty γ-phosphate site in GDP-bound
tubulin molecules and are considered good analogues of both
GTP and GDP·Pi;

5 and (3) catalytically defective mutants of
tubulin that provide GTP-bound structures.6 Thus, cryo-
electron microscopy (cryo-EM) has yielded structures of MTs
in different nucleotide-bound states and in the presence of
different drugs or MAPs.14,20−22 Finally, the combination of
these approaches has resulted in different models (yet
controversial) of the MT maturation process in which MTs
undergo different phases of expanded and compressed forms as

well as changes on the protofilament twist. Besides, lateral
contacts seem to be less variable, although the lower resolution
at these interfaces points to higher flexibility. The main fact is
that the cap comprises different lattices that are selectively
recognized by MAPs.7,8

Not being (yet) able to solve the problem with high-
resolution structural approaches, this mini-review focuses on
the insight obtained in the regulation of MT function using
other complementary methods, in particular: (1) fiber
diffraction, as a technique that allows us to follow�in real
time�the main MT structural features at both the axial
(“expanded” vs “compact”) and lateral (number of protofila-
ments and microtubule diameter) interfaces. Therefore, this
method allows us to study the structural response of MTs to
drugs and physical changes, and (2) computational approaches
that can also provide insight on the time-resolved aspects of
the structural modulation process. Finally, tubulin is a family of
proteins that spread among eukaryotes, prokaryotes, and
viruses. Certainly, most of the tubulin homologues are
evolutionarily distinct enough to assemble into filaments far
different from MTs. However, BtubA/B from horizontal gene
transfer in bacteria23 and the recently discovered Odin
tubulin24 are structurally close enough to be used as simplified
models and to get further insight into the implication of
GTPase activity in the formation and dynamics of MTs.

■ TIME-RESOLVED RESPONSE OF MTS TO
CHEMICAL AND PHYSICAL CHANGES: STUDYING
THE CAP WITH FIBER DIFFRACTION

Fiber diffraction is one of the most classical techniques to
investigate the structure of biological filaments in physiological
conditions without fixation, crystallization, or freezing. Often
the sample of interest is natively or artificially arranged on a
line of filamentous structures with some regularity, periodicity,
or helical pattern (e.g., polypeptide α-helices26 and muscle
fibers27). The equipment used for data acquisition and signal
analysis is the same as that used by small/wide angle X-ray
scattering techniques (SAXS/WAXS). However, while SAXS/
WAXS allows us to investigate the shape dynamics of proteins
dispersed in buffer solution, fiber diffraction provides more
detailed structural information on longitudinal periodicity and
lateral spacing of molecules in an arranged filament.
Importantly, there are several issues that need to be solved
before this technique can be applied to investigate MT
structures. The first is to align the filaments in solution, which
is not trivial and has been approached in three ways in the case
of MTs: (i) using native aligned MTs (e.g., nerve axons28); (ii)
applying mechanical ultracentrifugation forces to induce MT
alignment;29 and (iii) employing high magnetic fields to force
the required arrangement.30 Since the mechanical force
methods required hours to obtain a complete alignment,
these approaches did not allow real-time experiments.
However, a major breakthrough came from the use of a
simple and classical technique of shear flow, which has a long
history with other biological structures (e.g., to align actin and
tobacco mosaic virus fibers by squeezing them into capillary
tubes or in continuous extension flows). Here, the fluid-
dynamic properties of the rigid rods or filaments are
considered in a stream of medium with a certain gradient of
flow velocity to a given shear.31,32 In order to apply this
technique to MTs, Sugiyama et al. developed a new shearing
tool, whereby the MT suspension was placed between two
discs separated by a narrow gap of 0.3−0.4 mm, and one of the
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discs was rotated with a suitable rate, not as high as to fail due
to specimen dispersion but high enough to accomplish quick
alignment of axonemes isolated from sea urchin spermatozoa.
This method enabled us to give a shear rate greater than 1000
s−1, γ; velocity divided the gap; and subsequent modifications
allowed us to produce a constant shearing rate in the whole
area of the specimen.32 Importantly, this method: (i) is
reasonably cheap in terms of the material needed (a small
volume of specimen suspension (<0.1 mL), which for 5−10
mg/mL of tubulin solution implies <1 mg per measurement),
(ii) is fast (the wash and exchange of a new sample take less
than 1 min, thus allowing for mid-throughput scanning of

chemical conditions), and (iii) allows the study of both
physical parameters (temperature) and chemicals in real time
because the shearing tool is continuously mixing the specimen
during continuing data acquisition of diffraction. Besides,
radiation damage by the X-ray beam is negligible as the actual
volume exposed to the high-intensity beam is less than 2 nL
(<0.002% of the total specimen volume).

Figure 2 shows an example of X-ray diffraction signals of
GTP-assembled MTs, where four exposures of 30 s (total of
120 s irradiation) were enough to analyze the diffraction
signals in the meridional (Figure 2A-1, regular MT axial
arrangement) and equatorial (Figure 2A-2, mass of MT in the

Figure 2. X-ray fiber diffraction analysis of MTs. (A) X-ray diffraction pattern from shear-flow aligned MTs. MTs assembled from a purified bovine
brain tubulin dimer (43 μM) at 37 °C with GTP and a total 120 s exposure. From the wedge-shape spreading of equatorial signals, we can estimate
the quality of MT orientation, which was not more than 3 degrees. The scale bar indicated both reciprocal spacing [nm−1] as well as scattering
vector, Q-value [Å−1], conventionally used for SAXS experiments. (B) Extracted signals along meridional (upper graph) and equatorial (lower
graph) axes. (C) Schematic diagram showing how to assume the linear arrangement of unit molecules from the profile data of diffraction. (D)
Effect of paclitaxel concentration on the axial repeat of tubulin, corresponding to the mean length of tubulin molecules. Data show a 43 μM tubulin
dimer with 0 to 95 μM of paclitaxel. Vertical bars indicate the size variation of tubulin estimated from fwhm in the fourth-order diffraction in the
meridional axis. (E) Real-time response of preassembled MTs to paclitaxel, where meridional (top) and equatorial (bottom) profiles come from
diffraction signals acquired every second. Length change on tubulin axial repeat induced by paclitaxel occurred within 1 s (from 3.98 ± 0.003 nm to
4.08 ± 0.003 nm) with an estimated time constant of 0.16 s. MT diameter seems to decrease with lower rate from 23.8 ± 0.03 nm to 23.7 ± 0.04
nm with an estimated time constant of 34 s, corresponding to rearranging of the protofilament numbers16 after a small increase of 0.05 nm. Results
shown here are from the experiments at the beamline BL40XU (Spring-8, Hygo, Japan, proposal number, 2016B1182, 2019B1365, 2020A1332,
2021A1430).
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diameter direction) axes. The interpretation of the fiber
diffractograms is relatively straightforward and provides
extremely precise structural data of the MT lattice. The signal
profile in the longitudinal direction (Figure 2B) corresponds to
a Fourier transform of the periodic arrangement of tubulin
molecules, which is a peak of 4 nm (x) (corresponding to the
size of the tubulin monomer) and additional harmonic patterns
that appear as N × 1/x (where N is an integer called Nth-order
diffraction). The difference in intensity of each peak mainly
depends on the helical arrangement of tubulin dimers, and
often the signal of the fourth-order (ca. 1 nm), which usually
shows the highest intensity on the meridional axis, is used to
estimate the length of the tubulin molecules. Notice that the
precision in the determination of the mean tubulin length in
the example of Figure 2 is less than 0.01 Å, which is much
smaller than the wavelength used to record the data and the
atom size. This is because the position of the peaks in the
meridional axis purely depends on the signal-to-noise ratio of
the measured peaks rather than on the wavelength of the X-ray
used. Importantly, the intensities (height) of the signals
provide information about the density of the structural
regularity and the population of aligned molecules (Figure
2C). Therefore, this can be used to follow MT assembly and
disassembly (i.e., quick fading of the 1 nm peak during
medium cooling or GTP consumption). In addition, the shape
of the signals and peak width (full-width at half-maximum,
fwhm) can be used to show the magnitude of the regularity of
tubulin arrangement in MTs. For instance, the increased
randomness of the arrangement of molecules produces
decreased intensity and widening of peaks (schematically
shown in Figure 2C-4), which is also typical upon paclitaxel
binding. Therefore, assuming the semicrystalline structure of
MTs with the regularly stacked molecules of tubulin, X-ray
diffraction becomes a powerful tool to detect fine but
significant structural shifts occurring in tubulin after the
binding of specific chemicals or depending on the intermediate
state of GTP hydrolysis.5,32

In contrast, the equatorial profile (Figure 2B-2) shows a
scattering profile that is similar to that observed in molecules
with random orientation in solution. In the case of a rod-shape
structure, the main scattering can be described as a zero-order
Bessel function, which contains mainly four peaks reflecting
the diameter. The first strong peak of scattering (J01) is
obscured and superimposed with background beam noise
coming from the shear-flow device window materials, but the
second (J02) and third (J03) peaks can be used to estimate the
mean diameter of MTs. The peak signals at scattering angles
larger than the fourth peak (J04) contain additional signals
reflecting the number of protofilament in MTs that can be
used to estimate the distribution of MTs with difference
protofilament numbers. For example, GDP-MT bound to
paclitaxel and GDP-MT bound to the phosphate analogue
BeF3

− have a lower number of protofilaments than GDP-MT
bound to the phosphate analogue AlFx or GMPCPP-MT.5

The flexibility of MTs depends on temperature, as initially
observed using optical and electron microscopes, where the
curvature of the filaments changed in response to thermal
fluctuations.33 In this study, measurements on MT’s curvatures
gave information on the persistence length of these filaments,
which is a parameter that shows their strength. With fiber
diffraction, modifications on the flexibility of MTs can be
detected as changes of fwhm in the meridional signals32 in a
quick, efficient, and accurate way. For instance, such changes

have been described upon paclitaxel binding, with a clear dose
dependency (Figure 2D). At low ratios of paclitaxel to tubulin,
the diffraction signals of tubulin axial repeat were observed to
be dispersed within a small range <0.01 nm (very small fwhm),
while the dispersion increased around five times (far higher
fwhm) after the MTs were saturated with paclitaxel.

However, most important is the ability for structural time-
course measurements provided by fiber diffraction, which allow
us to follow real-time changes in response to changes in the
sample environment. In this type of experiments, the use of an
X-ray beam with high intensity (1014 to 1015 photons/s) is
critical since this is the only way to provide accurate signals in
short periods of time. For instance, paclitaxel binding (a
chemical change) induces a fast change (1 s) in tubulin axial
repeat (Figure 2E, top) and a slower change (tens of seconds)
on the mean diameter (Figure 2E, bottom, as previously
described16). Definitely, the use of an X-ray beam with higher
flux along with further improvement of tools for X-ray
detection are expected to yield more detailed information on
structural features and dynamics of MTs.

■ MODELING THE MOTIONS: STUDYING THE CAP
WITH COMPUTATIONAL METHODS

Computational modeling is another complementary approach
that can be used to study the response of tubulin molecules to
chemical changes and bound partners. It is particularly
instructive to study the dynamic and elastic properties of
tubulin using the atomic models of dimers, dimers of dimers,
individual protofilaments (or pairs of them), sheets, and
microtubular lattices that have been built with the aid of
information provided by X-ray diffraction, electron crystallog-
raphy, and cryo-EM. To this end, normal-mode analysis
(NMA) with simplified atomic potentials is an appealing tool
because it has been implemented in several user-friendly public
servers (e.g., elNeḿo34 and iMODS35). The elastic network
that is created by connecting only the Cα atoms (as is usually
done) allows the generation of results in terms of simple
vibrational motions that are readily calculated and visually
understood. In NMA, the distances separating all atom pairs
between neighboring monomers that are within a certain cutoff
value define the intermonomer “springs” that are treated
equivalently in the potential energy function. The harmonic
oscillations about the initial configuration that are obtained can
reveal important mechanical properties of tubulin, such as
persistence lengths, torsional waves, bending stiffness, and
other modes of motion that characterize these polymeric
structures. Nonetheless, since this type of analysis has been
shown to be highly sensitive to the orientation of key loops and
subdomains,36 it is crucially important to avoid the presence of
sequence gaps and to accurately model suboptimally optimized
regions, e.g., the M-loop, before carrying out the analyses.

NMA has been employed to study both the mechanics of
individual intertubulin contact regions37 and the global
mechanical properties of MTs.38 Thus, the deformation
patterns of a 13-protofilament MT (∼320 nm long) containing
40 tubulin heterodimers per protofilament (i.e., 520 dimers in
total) revealed explicit structural regions (predominantly
located at αβ-tubulin interfaces) that undergo both high
compression and extension. Three principal patterns of
vibrations were identified, namely, axial bending, radial torsion,
and longitudinal stretching, the latter apparently connected
with deformations in lateral contacts, albeit the mean
deformation was about three times smaller than that computed
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for bending and torsional modes.38 Visualization of these
motions helps understand the interplay between longitudinal
stretching, radial twisting, protofilament number, and mini-
mization of lateral mismatches at the MT seam after GTP
hydrolysis. This interplay gives rise to the stochastic
fluctuations in the geometry of MT walls and the distinct
MT subpopulations recently revealed by a high-resolution
cryo-EM refinement method.39

A more detailed description of motion can be achieved by
means of molecular dynamics (MD) simulations, which have
been employed using both coarse-grained40 and fully atom-

istic41 tubulin representations. All-atom MD simulations have
consistently predicted curved shapes for both GTP-tubulin and
GDP-tubulin,42−44 and some of them have suggested that (i)
most of the energy resulting from GTP hydrolysis is stored in
the lattice in the form of longitudinal strain45 and (ii) the
heights of the energy barriers between protofilament
conformations govern MT growth and shrinkage.46 A word
of caution is, however, necessary as the results produced by
these methods are heavily dependent on the initial
configuration of the system so that special attention must be
paid to several modeling subtleties such as side chain

Figure 3. Structural and electrostatic differences between GTP and nonhydrolyzable analogues GTP-γS and GMPPCP. (A) Evolution of the
nucleotide-bound E-site geometry in a β-tubulin subunit upon polymerization into MTs: the GTP-bound conformation in the presence of a
partially solvated Mg2+ ion (left) is altered by (i) rearrangement of the 178Ser-Asp-Thr180 switch region in loop T5 (C atoms colored in yellow)
upon longitudinal binding of an α-tubulin unit from the next incoming tubulin dimer (middle) and (ii) further catalytic site optimization to trigger
water-mediated hydrolysis of the terminal ester bond and produce GDP, which remains bound at the site (right), and Pi, which will eventually pass
onto the bulk solvent. The polar hydrogens displayed have been reoriented to optimize their H-bonding potential, and water oxygens are shown as
small spheres. (B) The electrostatic field lines of GTP (positive and negative polarities in blue and red colors, respectively) indicate the directions
of the electrostatic forces surrounding the free nucleotide in solution. (C) Stick model of a GTP molecule bound to a partially desolvated Mg2+ ion
(green sphere, with water molecules in cyan). (D) The molecular electrostatic potential isosurfaces contoured at ±2 kT/e units (blue and red,
respectively) for GTP (top) and nucleotide analogues GTP-γS (middle) and GMPPCP (bottom) highlight regions of hydrogen bond donor/
acceptor capabilities in the low dielectric interior of the protein. Atom-centered charges were calculated on the optimized geometries using a 6-
31G* basis set, the B3LYP density functional tight-binding (DFTB) method, and the IEF-SCRF continuum solvent model to account for water
effects. The APBS program (https://server.poissonboltzmann.org/) was used for the continuum electrostatics calculations, and the results were
displayed in PyMOL (v. 1.8.2. Schrodinger LLC) with the aid of an ad hoc plugin (https://pymolwiki.org/index.php/APBS).
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rotameric, correct protonation of titratable amino acids, and a
proper octahedral arrangement of binding motifs for the
nucleotide-bound, partially desolvated Mg2+ ions.47 In this
respect, it has to be noted that densities due to the majority of
Asp and Glu side chains are lacking in cryo-EM images of MTs
due to their high susceptibility to radiation damage during
electron exposure.48 The problem is compounded by the fact
that the Mg2+ ion in many crystal structures may accidentally
wander off into the water positions during refinement if the
resolution is not high enough.49 Thus, any modeling work that
uses experimentally solved tubulin structures as templates must
aim to ensure that the initial geometries for dual nucleotide
and cation binding in both α- and β-tubulin subunits are
correct. In addition, from a chemical perspective, it should be
borne in mind that the slowly hydrolyzable analogues
GMPCPP and GTPγS, which have been so successfully
employed as valuable mimics of GTP in recent cryo-EM
work on MTs,14,22,39,48 have hydrogen bonding potentials
different from those of GTP itself, and this may subtly affect
the torsion angles of the phosphate tail in the solvated polar
environment of the nucleotide-binding site at the β−α
interface. In fact, a suboptimal binding geometry of GMPCPP
is likely to be responsible for the originally reported 4- to 8-
fold lower affinity for tubulin relative to GTP and for the
extremely slow hydrolysis rate of its β−γ bond when
incorporated into the MT lattice.50 Moreover, control
experiments have supported the view that lattice expansion
in GMPPCP- and GMPCP-MTs is due to the presence of the
methylene group linking α- and β-phosphates rather than the
γ-phosphate in the GTP mimic GMPPCP.5

When GTP and GDP binding sites in α- and β-tubulin are
inspected in a high-resolution crystal structure, e.g., the
epothilone-bound T2R−TTL complex (composed of two
head-to-tail bound αβ-tubulin heterodimers plus the stath-
min-like protein RB3 plus a tubulin tyrosine ligase fragment),51

it becomes apparent that both the location and coordination
spheres of the bound Mg2+ ions differ (Figure 3B). Thus,
although both cations have four bound water molecules from
the first hydration shell, the Mg2+ ion at the GTP-binding site
is coordinated to O1β and O1γ phosphate oxygens, whereas
that at the GDP-binding site is coordinated by O1α and the
side-chain carbonyl of Gln11, a residue that can also hydrogen-
bond to βGln247 but not to αAla247. Interestingly, recent
cryo-EM work has provided evidence to support the view that
wild-type GDP-MTs and GTPγS-MTs display a compacted
lattice,48 whereas GMPCPP-MTs40,48 and MTs containing
E254A and E254N α-tubulin variants6 have expanded (or
uncompressed) lattices instead. Thus, it seems reasonable to
assume that these changes are likely to be promoted by the
distinct electrostatic interactions between the side-chain
carboxylate of αGlu254 (in helix H8) and the phosphate-
bound, partially hydrated Mg2+ ion at the nucleotide-binding
site in β-tubulin. As a result, the interdimer longitudinal
interface in the MT is strengthened upon GTP hydrolysis.48

Since the preferred mechanism for GTP hydrolysis at the
exchangeable site (E-site) in β-tubulin is a solvent-assisted
pathway52 that involves the rate-limiting nucleophilic attack of
a properly oriented water molecule onto the γ-phosphorus
atom, subtle changes in geometry�particularly of the γ-
phosphate and the side-chain carboxylate of Glu254 from α-
tubulin�are likely to have a large impact on the feasibility and
rate of GTP hydrolysis. Moreover, the resulting transition
state, when achieved, must evolve toward the final products,

that is, the Mg2+-bound GDP, which remains at the site within
the MT lattice, and H2PO4

−, whose exit is probably facilitated
by (i) hydrogen bond rupture and reformation, (ii) proton
transfers, (iii) conformational changes in the protein, and (iv)
enhanced solvation.53 In accordance with this reasoning, it is
conceivable that the proper arrangement for GTP hydrolysis at
the nucleotide-binding site in β-tubulin during maturation of
the GTP cap is contingent on additional protein motions and
further side-chain reorientations that are necessary for deep
entrance of the catalytic αGlu254 carboxylate and subsequent
water activation. In this regard, it is highly informative that
recent high-resolution X-ray crystal structures of tubulin
dimers solved in the presence of γ-phosphate analogues
(BeF3

− or AlF−
4/AlF3) have revealed a conformational toggle

switch involving 178Ser-Asp-Thr180 in loop T5 (between S5 and
H5) of β-tubulin5 that is likely to be triggered by binding of
another tubulin dimer to the growing MT tip; this sequence
stretch is strictly conserved in all β-tubulin isotypes and differs
from the corresponding 178Ser-Thr-Ala180 in α-tubulin. The
backbone carbonyl of Asp179 hydrogen bonds to the amino
group of the incoming αLys352 which, in turn, hydrogen
bonds to the αGlu254 carboxylate that is crucial for catalysis.
The distinct mechanistic possibilities that couple phosphate
cleavage, proton transfer, and phosphate release in β-tubulin
upon polymerization can be explored by using the same hybrid
methods that combine quantum mechanics with classical
molecular mechanics (QM/MM) and have been so success-
fully employed to clarify various enzymatic mechanisms.53 It
will be imperative to characterize the reorganization of the
electrostatic environment around the terminal phosphate
groups as well as the precise pH-dependent protonation state
of the terminal γ-phosphate over the MT maturation process
to properly account for the hydrolytic mechanism.54 This
chemical view is in accordance with the evidence that (i)
paclitaxel-induced expansion likely happens after GTP
hydrolysis and (ii) the presence of γ-phosphate analogues
(BeF3

− or AlF−
4/AlF3) reverts paclitaxel-induced expansion.5

■ SIMPLIFYING THE SYSTEM: LESSONS FROM
PROKARYOTES

A usual way to gain insight into the functioning of complex
biological systems is to identify and examine a comparable but
simpler and more easily interpretable model. Tubulins are a
family of proteins spread over eukaryotes, prokaryotes, and
viruses. Two members of the family, bacterial (Btub, of
Prostecobacter species55) and Odin (in the Asgard archaea24)
tubulins (Figure 1E), are very close structural homologues to
the eukaryotic one. In fact, both are proposed to have evolved
from a primitive eukaryotic cell by horizontal gene transfer.23,24

These proteins have the typical domain architecture of the
family and also typical α,β-tubulin features like the extension of
the loops and the two large helices that face the wall of the MT
(involved in the interaction with many MAPs). However, they
also display some key differences that make them an ideal
simplified version of their eukaryotic counterpart. Odin tubulin
is a single monomer that displays an active catalytic loop
(similar to α-tubulin) and a short S9−S10 loop in the taxane
site (similar to β-tubulin). Btubs are two proteins, BtubA and
BtubB, that form a transient heterodimer and also include an
active catalytic loop and a short S9−S10 loop in each of them.
As mentioned, the association into linear polymers is
mandatory for the completion of the catalytic site and the
activation of GTPase activity (this is common in the tubulin
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superfamily of proteins), and hydrolysis contributes to the
dynamics of the assembled filaments. Therefore, the presence
of an active catalytic loop is a hallmark of tubulins, and the
existence of an inactive loop in β-tubulin (due to the
replacement of Glu with Lys) is an exception that likely
evolved to allow the formation of more complex polymers.
Meanwhile, the presence of a shorter S9−S10 loop in β-tubulin
defines the taxane site, which is a well-known pharmacological
regulatory site in tubulin and mediates MT stabilization.
Importantly, Btubs and Odin tubulin lack the characteristic
acidic C-terminal tail of α- and β-tubulins.

High-resolution structures of Odin tubulin included a
crystal-packing-related protofilament24 and showed that, as
previously described for eukaryotic tubulin25 and FtsZ,56 the
GTPase activating switch involves the complementation of the
GTP-binding pocket of the lower subunit in the protofilament
with two water-polarizing residues that are in direct contact
with the attacking water molecule for γ-phosphate hydrolysis.
In contrast, the Odin tubulin showed a Na+ ion coordinating
the water-polarizing residues with the γ-phosphate, apart from
the typical Mg2+ ion coordinated by two nucleotide phosphate
oxygens. Otherwise, the activation mechanism of GTP
hydrolysis among tubulins is highly conserved. Remarkably,
structural comparison of GTP-bound Odin tubulin and its apo-
and GDP-bound counterparts suggested that GTP hydrolysis
involves an upward movement of the central H7 helix together
with loops H6−H7 and T7 and the entire intermediate
domain, similar to the conformational change described in α-
tubulin.14 In addition, changes at the N-terminal domain
include the downward movement of the H1−S2 loop and the
shift of the T5 loop into an “in” conformation (as initially
described in the curved conformation of GDP-tubulin9). These
movements would correspond to an axial compaction upon
GTP hydrolysis. However, the extent to which these changes
affect the protofilament structure is difficult to assess due to
crystal packing. Noteworthy, in Odin tubulin’s structure, the
M-loop is perfectly ordered into a helix, as shown for αβ-
tubulin, which could allow the formation of lateral contacts
between molecules similar to those made by tubulin in MTs.

Odin tubulin in solution is able to polymerize in the absence
of Mg2+ (no other tubulin protein has shown this behavior
before). This assembly involves the formation of salt-induced
irregular bundles with a not well-defined internal structure,24

and whether or not GTP hydrolysis occurs in this kind of
filament has not been analyzed yet. Moreover, in the presence
of Mg2+, the protein switches to the formation of filaments that
closely resemble the tight, one-start helical ones formed by
GDP-tubulin (i.e., stacked washer-like57). Notice that in αβ-
tubulin the C-terminal tail contributes to the formation of the
filament and induces distinct bending at the intradimer and
interdimer interfaces. However, since Odin tubulin lacks the C-
terminal acidic tail of tubulin and is a monomeric protein, the
same bending is expected between consecutive molecules, and
this could be related to the looser appearance of the resulting
tubes. Finally, the orientation of the monomer in the
protofilaments of these tubes is similar to that of eukaryotic
GDP-tubulin rings, and hence, lateral contacts mediated by the
M-loop are not expected in these Mg2+-induced Odin tubulin
filaments either.

BtubA and BtubB polymerize through the formation of a
heterodimer, BtubAB, which assembles into a 4-protofilament
mini-MT that does not differ much from a mammalian-MT,
except for its size.58 The different biochemical properties of

eukaryotic αβ-tubulin (a stable heterodimer building block)
and BtubAB (two building blocks that interact with each other
upon assembly) might have an implication on the growth into
the resulting filament structure. In addition, differences at the
loops involved in the formation of lateral contacts likely
contribute to the modification of the interprotofilament angle,
which is 90° in BtubAB and 27.7° in eukaryotic 13-
protofilament MTs.58 In BtubAB mini-MTs, GTP hydrolysis
takes places in all subunits (as revealed in the cryo-EM
structure showing that all subunits contain GDP58). This
difference could be related to the formation of a more compact
lattice in those mini-MTs, which have a rise of 79.3 Å versus
that of 81.5 Å in GDP-MTs.14 Furthermore, this structure
highlighted that BtubA and BtubB also undergo a curved-to-
straight conformational transition due to the formation of
lateral contacts, which similarly to tubulin rely exclusively on
the loop-mediated latch model (with Tyr-283 in the M-loop of
one subunit acting as the rotating bolt and H1-S2/H2-S3 of
the lateral partner acting as the stationary keeper). However,
the key interacting residue in tubulin, Tyr283, is replaced by
Phe287 in BtubA (similar to yeast tubulin59) and Gln281 in
BtubB, and in mini-MTs only the M-loop of BtubA establishes
both homotypic (A−A) and heterotypic (A−B) lateral
interactions, whereas the M-loop of BtubB is not ordered.
Consequently, the lattice is likely to be more labile than that of
eukaryotic MTs. Alternatively, given that it is difficult to assess
specific interactions involving the M-loop at the resolution of
these cryo-EM structures, it is plausible that the mini-MT
structure has captured an intermediate pre-depolymerization
state. Loss of lateral interactions in one of the subunits while
keeping them in the other point to a singular and sequential
mechanism of depolymerization could explain: (i) the rapid
depolymerization during dynamic instability and (ii) the high
plasticity found in MT lattices, which are able to gain or lose
protofilaments very quickly.16 Remarkably, mini-MTs can also
follow dynamic instability and treadmilling,58 denoting the
presence of a GTP cap similar to that in α,β-tubulin MTs.
Considering this, structural information on mini MTs in
different nucleotide-bound states could shed light on the effect
of GTP and GTP hydrolysis on the filament structure. Indeed,
MTs show different protofilament twists depending on the
nucleotide content,5 which could differentially affect homo-
typic and heterotypic lateral contacts. It still remains to be
found whether the mini-MT lattice expands as the MT does in
the presence of certain nucleotide analogues (GMPCPP and
GMPCP,5,14 drugs bound at the taxane site,14,20 and amino
acid replacements at the α-tubulin catalytic loop)6 or as do
others found in non-mammalian sources (where the protofila-
ment number is also somewhat smaller59,60).

From these prokariotic examples we learned that the typical
tubulin fold of two main domains split by a central helix
provides the scaffold for the formation of axial contacts
(protofilaments) and GTP hydrolysis. However, the formation
of lateral contacts does not follow a strict rule because the
presence of the M-loop does not ensure the assembly into a
hollow cylinder (as happens in the assembly of Odin tubulin).
Instead, the duplication into two different molecules able to
copolymerize seems to be an essential step toward the
formation of MTs. In MTs, the nucleotide-binding site is
occluded, and there is no nucleotide exchange in the polymer,
which makes the GTP cap a key structure on the maintenance
of the filament and responsible for filament dynamics.
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■ CONCLUDING REMARKS
In this mini-review we described three alternative methods to
obtain information on MT-cap morphology and structure that
can improve our current understanding of MT function. First,
we presented how combining the classical but well-established
theory of diffraction with updated detecting tools and the
shear-flow aligning technique makes it is possible to turn the
X-ray fiber diffraction of MTs in a powerful method to get
insights into precise (<0.001 nm) and dynamic (<1 s)
structural information under various physical and chemical
conditions. With this quick and reliable technique, it would be
possible to perform structural screening of the effects of
specific MSA on MTs, allowing the design of structurally
tailored MT stabilizers, which combined with cell biology
studies will help us to understand the structural tubulin code
and its cellular effects. Second, we show how simplified elastic
network models of several tubulin assemblies shed light on the
range and directions of prevalent motions that control subunit
interactions as well as lateral and longitudinal angle variations
in MTs. Hybrid QM/MM methods, in turn, are likely to help
us answer the question of how the chemical environment
around the terminal phosphate of GTP evolves over MT
maturation to trigger water-mediated hydrolysis. Finally, we
have seen how the prokaryotic world provides supporting
information on the functioning of tubulins and the implication
of GTP hydrolysis in filament dynamics.
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