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What does the end of a growing microtubule look like? In this issue, McIntosh et al. (2018. J. Cell Biol. https://​doi​.org/​10​.1083 
/​jcb​.201802138) use electron tomography to provide state-of-the-art three-dimensional images of microtubule ends in cells 
and in vitro, yielding an unexpected answer to this fundamental question.
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Microtubules are hollow, cylindrical polymers of αβ-tubulin that 
display dynamic instability, the apparently random switching be-
tween phases of growing and shrinking. The dynamic instability 
of microtubules is essential for formation of the mitotic spindle 
that organizes chromosome segregation, and for numerous other 
processes in cell physiology. In this issue, McIntosh et al. use elec-
tron tomography to provide 3D snapshots of growing microtu-
bule ends in cells and in vitro. They report that the structures of 
growing and shrinking microtubule ends are very similar to each 
other, challenging the current understanding of microtubule dy-
namics and regulation by contradicting a long-held view in the 
field (see Fig. 1).

Microtubule growing and shrinking occurs by the net addi-
tion or loss of αβ-tubulins to or from the end of the polymer. Ca-
tastrophe, the switch from growing to shrinking, results from 
the GTPase activity of αβ-tubulins in the polymer. Dynamic 
instability can be reconstituted in vitro using pure αβ-tubulin 
and GTP. However, this compositional simplicity belies a sneaky 
structural complexity: αβ-tubulin subunits adopt a different con-
formation outside the polymer than they do inside the polymer, 
and they adopt multiple conformations in the polymer, only three 
of which are known in atomic detail (Zhang et al., 2015). These 
different conformations of αβ-tubulin contribute to dynamic in-
stability by modulating tubulin–tubulin interactions (reviewed 
in Brouhard and Rice, 2018).

The question McIntosh et al. (2018) addressed sounds like 
a simple one: What does a growing microtubule end look like? 
It’s an important question because distinctive microtubule end 
structures can selectively recruit different regulatory factors (re-
viewed in Akhmanova and Steinmetz, 2015), transitions between 
different end structures may contribute to force production by 
microtubules (Grishchuk et al., 2005; Driver et al., 2017), and 
knowledge of the end structure informs and constrains mech-
anistic models for microtubule dynamics. If we understood the 
biochemistry of the αβ-tubulin conformational cycle, we could 
predict end structure. Conversely, if we knew the end structure, 

we could infer the biochemistry. But we lack confidence about 
both the biochemistry and the end structure.

It has been known for some time that growing microtubule 
ends are structurally heterogeneous and characterized by ex-
tensions that curve away from the long axis of the microtubule. 
However, we lack an atomic resolution view of microtubule ends: 
their structural features are too small to image by light micros-
copy and too idiosyncratic for the averaging approaches that have 
allowed cryoEM to deliver high-resolution structures of αβ-tu-
bulin (Zhang et al., 2015) in the more regular, lattice-like body 
of the microtubule.

Electron tomography, the technique used by McIntosh et al. 
(2018), is ideally suited for one-of-a-kind objects like microtu-
bule ends that cannot be averaged together. Electron tomogra-
phy produces a 3D image of a sample by combining many (2D) 
transmission electron micrographs in which the same sample is 
“viewed” from different angles; the different views are obtained 
by tilting the specimen to different degrees relative to the elec-
tron beam. Exposure to the electron beam damages the sample, 
so the maximum tolerated exposure must be spread among the 
multiple images required for tomography. As a result of the at-
tendant low signal-to-noise ratio in individual images, and/or 
because of other cellular components, electron tomograms are 
often rather noisy, especially when considering “wispy” struc-
tures like individual microtubule protofilaments.

McIntosh et al. (2018) obtained tomograms of growing micro-
tubules in cells from six different species, frozen and/or fixed for 
tomography in a variety of ways. They also obtained tomograms 
from samples of microtubules in vitro that were plunge-frozen to 
trap them in the act of growing. The authors then applied “rotary 
sectioning” (Fig. 1 A) to characterize the structures of individual 
microtubule ends: they examined “sagittal” sections (parallel to 
the long axis; Fig. 1 A) at various angles, through hundreds of mi-
crotubules. Their approach is admirably rigorous, and the paper 
has a wonderfully “old school” feel—considerable attention is 
devoted to the minute workings of the sample preparation and 
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to considering, testing, and excluding possible sources of exper-
imental artifact.

Both in cells and in vitro, McIntosh et al. (2018) observed short, 
curved extensions on the ends of growing microtubules (Fig. 1 B, 
right). Manually tracing these extensions using rotary sectioning 
identified about as many curved extensions as protofilaments, 
and the extensions were evenly spaced around the microtubule. 
McIntosh et al. (2018) conclude that the extensions are in fact 
curled protofilaments growing independently of one another. 
The curvature observed was highly variable, which was taken to 
indicate that the curled protofilaments are flexible in the plane 
of curvature. The average curvature was comparable in magni-
tude to that seen in head-to-tail assemblies modeled from atomic 
structures of unpolymerized αβ-tubulin, so it likely reflects the 
intrinsic curvature of unpolymerized, GTP-bound αβ-tubulin.

That growing and shrinking microtubule ends have markedly 
different structures is practically axiomatic in the current under-
standing of microtubule dynamics (Fig. 1, B and C). But in cells and 
in vitro, McIntosh et al. (2018) describe remarkably similar struc-
tures for growing and shrinking ends. Their results are therefore 
quite provocative, contradicting a long-held belief and challenging 
models built on that belief. Their work has potential implications 
for how we think about the molecular mechanisms of microtubule 
dynamics and regulation and for understanding processes like 
kinetochore–microtubule attachment, where assumptions about 
different end structures figure prominently (Schmidt et al., 2012).

The poor signal-to-noise ratio of tomographic reconstructions 
makes robust annotation of fine features challenging. The long-
held belief that growing and shrinking microtubule ends have 
very different structures is itself based on a landmark cryoEM 
study (Chrétien et al., 1995) that revealed tapered and partially 
curved sheet-like structures at growing microtubule ends that 
were obviously distinct from the more curled, independent proto-
filaments on shrinking ends. Two recent tomography studies also 
show curved and partially curved extensions at the growing end 
(Guesdon et al., 2016; Atherton et al., 2017). However, this other 
work (in which rotary sectioning was not applied) was interpreted 
as showing that many of the curved protofilaments make lateral 

contacts to another protofilament (as in a sheet), contrary to the 
independent protofilaments described by McIntosh et al. (2018).

The McIntosh team has set a new standard in the quest to de-
fine the molecular features of the growing microtubule end. In 
doing so, they introduce a dissenting view about what the grow-
ing end looks like and about how and where curved αβ-tubulins 
are added to the microtubule end. The conflict revolves around 
whether the curved extensions are laterally connected, and 
whether “pioneer” elongation from a subset of protofilaments 
occurs. These different scenarios, which might in principle co-
exist on the same microtubule end, have implications for our 
understanding of the biochemistry of microtubule growth: Do 
curved tubulins interact tightly enough with individual proto-
filament ends for the protofilaments to elongate independently, 
or is simultaneous interaction with more than one protofilament 
(sheet-like growth) required for efficient elongation? A defini-
tive resolution to this conflict has implications for microtubule 
regulation and for how growing and shrinking ends are recog-
nized, and will likely come in the not too distant future as ongo-
ing developments in the hardware and software for cryoEM and 
tomography are expected to improve the signal-to-noise ratio 
achievable. A clearer view of growing microtubule end structure 
looks to be around the curve!
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Figure 1. Illustration of rotary sectioning and the different views of microtubule end structure. (A) Rotary sectioning. Left: Slices through 3D tomo-
graphs of microtubule ends are taken at various angles. The αβ-tubulin subunits of the microtubule are represented as pink and green circles, and the gray 
plane represents one such slice through the volume. Bright subunits are in front of the plane, faint subunits are behind it, and intermediate shaded subunits 
are in the slice. Right: View of the resulting slice, showing the end structure. The vertical head-to-tail assemblies of αβ-tubulin are called protofilaments.  
(B) Conflicting models for how microtubules grow. Left: Sheet-like, partially curved extensions on a subset of protofilaments. Right: All protofilaments elongate 
independently and are fully curved. (C) Cartoon of a shrinking microtubule end, with the ends of protofilaments fully curved.
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