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The lumen of cytoplasmic microtubules is a poorly explored expanse of intracellular
space. Although typically represented in textbooks as a hollow tube, studies over several
decades have shown that the microtubule lumen is occupied by a range of morphologic-
ally diverse components. These are predominantly globular particles of varying sizes
which appear to exist either in isolation, bind to the microtubule wall, or form discontinu-
ous columns that extend through the lumenal space. Actin filaments with morphologies
distinct from the canonical cytoplasmic forms have also now been found within the
microtubule lumen. In this review, we examine the historic literature that observed these
lumenal components in tissues from diverse species and integrate it with recent cryo-
electron tomography studies that have begun to identify lumenal proteins. We consider
their cell and tissue distribution, possible mechanisms of incorporation, and potential
functions. It is likely that continuing work in this area will open a new frontier in cytoskel-
etal biology.

Introduction
Microtubules are essential for a vast range of cellular processes, acting both as a dynamic adaptive
mechanical scaffold and as a network for intracellular transport by dynein and kinesin family motors.
Studies over many decades have uncovered the fundamental structural and biophysical properties of
the cylindrical polymer, as well as a host of factors that control microtubule dynamics and function in
diverse cellular contexts. With some exceptions, the field has generally focused on proteins that bind
the exterior wall or the ends of microtubules; for example, molecular motors, microtubule associated
proteins (MAPs), post-translational modifications, or proteins and protein complexes associated with
nucleation or plus end dynamics [1–4] The textbook representation of the microtubule typically
depicts it as a hollow, solvent filled, tube. However, over recent years, it has become clear that this rep-
resentation requires revision; increasing evidence indicates that microtubules are not always hollow
and can be occupied by a range of lumenal components. In studies of axonemal microtubules, a pleth-
ora of microtubule inner proteins (MIPs) have been identified which associate with the inner surface
of the microtubule wall, and generally appear to be important for microtubule stability and structure.
These studies have been reviewed elsewhere, with some very rapid recent progress, and so will not be
considered in detail in this review [5–19]. Here, we consider the series of historic and recent studies
that have focused on the lumenal contents of cytoplasmic microtubules which are less well under-
stood. We discuss recent progress on the molecular identification and structural characterisation of
these components in a range of cell types. We consider several models on how these proteins are
incorporated into the microtubule and reflect on if and how they may impact on microtubule function
and dynamics.

Negative-stain electron microscopy of microtubules in
animal tissues
Early evidence of a substantial lumenal component of cytoplasmic microtubules emerged from electron
microscopy studies conducted from the 1960s to the 1990s. A series of papers explicitly reported and/or
presented images showing a central ‘dot’ like density within the ≈15–17 nm diameter lumen [20] in
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transverse sections of microtubules from a diverse range of animal tissues. These included rat and human platelets
[21–25], and neurons from human, rat [26–30], mouse [31], chicken [32], shrimp [33], C. elegans [34], frog
[35,36], toad [37], and lamprey [38]. Further examples include insect cells from the blowfly [39] and locust [40].
Descriptions of the lumenal material found in these studies varied from granules to particles, to discontinuous
columns, through to a central 4–6 nm diameter filament. Whether this reflected differences in sample preparation
or bona-fide heterogeneity in composition was not clear. There was some concern that lumenal material could be
an artefact of fixation and heavy metal staining in sample preparation. However, in the most substantive study
from this era, Burton was able to observe the same material in cells without the use of osmium tetroxide heavy
metal stain [35]. In most studies, lumenal density was present in some microtubules/sections but not others, and
in the case of frog neurons, Burton observed more lumenal material in microtubules from the distal versus the
proximal regions of axons [35], suggesting that the densities are not merely artefacts.

Cryo-electron microscopy studies of cells and tissues
Cryo-electron microscopy recapitulates the native structure of biological specimens more reliably than chemical
fixation. This has enabled high-resolution imaging of the microtubule lumen not only in transverse section, but
also along their length. Studies have confirmed the presence of heterogenous microtubule lumenal density in
many different cell types. These include rat and mouse hippocampal neurons [41–46], neuronal cell lines [47],
P19 murine embryonal carcinoma cells [41,48], HeLa cells [48], Ptk2 cells [49], HAP1 cells (Figure 1) [50],
Drosophila neurons [43], mouse embryonic fibroblasts [51], human platelet filopodia [52], human cerebral
organoids [53], as well as (using cryo-focused ion beam milling (cryo-FIB milling), C. elegans gut tissue [54]
and Chinese hamster ovary (CHO) cells (using the cryo-electron microscopy of vitreous sections (CEMOVIS)
approach) [55]. In general, descriptions of lumenal material have varied in size, morphology, and frequency,
but together these historic and recent observations using a diverse range of electron microscopy approaches
confirm that cytoplasmic microtubules are, in many biological contexts, not hollow.

Morphological and structural characterisation of lumenal
components
Globular lumenal particles
In the first cryo-electron tomography (cryo-ET) study that explicitly aimed to characterise the lumenal dens-
ities, Garvalov et al. identified columns of globular particles of ∼7 nm diameter, enriched at depolymerising

Figure 1. Morphologically diverse lumenal material in microtubules extruded from HAP1 cells.

Tomogram subvolume showing a bundle of four adjacent microtubules within kinesore induced HAP1 cell projections. An actin

filament resides within the uppermost microtubule lumen and potentially breaks off into G-actin (purple arrowhead). Globular

densities are also visible in the lumen (blue arrows) which range from small and medium sized structures to more extended

densities, some apparently associated with the microtubule wall. Figure is a new image acquired during the course of our work

using the approach described in [50]. Scale bar is 50 nm.
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ends of microtubules in rat hippocampal neurons. These often appeared to be connected to the microtubule
wall, at spacings of between 8–20 nm [41]. Similar distances and particle sizes were observed by Atherton et al.
in mouse primary hippocampal neuron cultures [44,45]. Significant variation in the morphology of lumenal
material has been observed in cryo-ET studies, with some studies reporting similar sized particles in a densely
packed column [42,46], but others reporting a more varied distribution along the microtubule with particles of
different sizes [48,51,53]. The location of particles within the lumen varies from the centre of the lumen (as
observed in many of the negative stain images), to near the microtubule wall, including some with visible
attachment to the wall through small projections. The frequency of the particles appears to differ depending on
the cell type, cell regions and even between adjacent microtubules [41–43,45,46]. In general, evidence has
varied as to where, and in which microtubules, lumenal particles may be enriched.
In a recent cryo-ET study of rat dorsal root ganglion axons, abundant globular lumenal particles (9 nm

diameter, between 40 and 100 per micron of microtubule, sometimes tethered to the microtubule wall)
were observed. The authors were able to use sub-tomogram averaging to yield a 32 Å structure showing
that the particles are composed of several globular subdomains surrounding a central pore [43], providing
important evidence that at least a subset of lumenal particles have a defined structure and composition.
However, interestingly, in the same study, the authors noted that densities in Drosophila neuronal microtu-
bules were smaller with a more variable size, shape, and distribution. Overall, these studies indicated that
lumenal particles may come in several different forms of diverse composition that vary between species
and/or cell type.

Candidate protein components of lumenal particles
Microtubule associated protein 6 (MAP6)
Cuveillier et al. [56] reported the presence of lumenal densities in microtubules extracted from hippocampal
neurons that were less abundant in samples from mice that lack MAP6 — a microtubule-associated protein
associated with stability against cold and drug induced depolymerisation. Microtubules polymerised in the pres-
ence of MAP6 displayed lumenal densities of average 9 nm diameter and spaced at ∼31 nm intervals. The pres-
ence of lumenal MAP6 curves the microtubule into a long left-handed helix and leads to more breakages in the
microtubule lattice. However, as noted by Foster et al. [43] MAP6 is predicted to be an unstructured protein
and so is unlikely to be the sole constituent of the globular lumenal particles observed in previous studies.

Alpha tubulin acetyltransferase 1 (αTAT1)
αTAT1 acetylates α-tubulin at residue K40 which is located in the microtubule lumen [20]. K40 acetylation is
associated with stable long-lived microtubules in cells [57–59]. αTAT1 can enter the lumen through the ends of
microtubules, as well as through lattice defects in vitro [58,60,61]. It has been shown that αTAT1 can bind the
exterior surface of microtubules [62] and is also transported along axons in neuronal vesicles by motor proteins
and could be released at microtubule ends to promote acetylation [63]. The globular acetyltransferase domain
is ∼5 nm in diameter [60,64], and so may be a component of at least some of the lumenal particles.
Furthermore, as the major lumenal post-translational modification, it is worth considering whether acetylation
could affect the incorporation or dynamics of other lumenal components. The C. elegans αTAT orthologues,
MEC-17 and ATAT-2, have been shown to be important for the presence of lumenal material in touch receptor
neurons although it is not clear whether their encoded proteins are a component of this material or this
enables the recruitment of other proteins [65]. In the same study, tubulin acetylation was also shown to be
important for controlling protofilament number, raising the question of whether protofilament number and
dimensions of the lumen could also affect incorporation of lumenal material or vice versa.

Tau
Repeat motifs of Tau have been shown in vitro to bind the microtubule inner wall via β-tubulin [66]. Tau
derived peptides are also able to promote the encapsulation of gold nanoparticles and GFP into the micro-
tubule lumen which can increase microtubule stability [67–70]. Similar to MAP6, the mostly unstructured
nature of Tau means that it is unlikely to account for the previously observed globular densities, but it is inter-
esting to consider whether it may have a role in recruiting other proteins into the lumenal space.
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Tubulin binding cofactors
Chakraborty et al. [71] recently reported sub-tomogram averaging on 7–10 nm particles found in the lumen of
rodent primary hippocampal neurons, human iPSC derived neurons and murine pluripotent or differentiated
P19 cells. Particles bound to the inner microtubule wall were found exclusively in the pluripotent P19 cells,
whereas free particles were found in the lumen of all examined cell types. Fitting of this density to structural
data in the EMDB/PDB, as well as Alphafold2 models suggested the possibility that tubulin binding cofactors
are key components of several particles. The frequency of the particles differs depending on the cell type and
cell differentiation state. There was also enhanced proximity to curved areas and broken areas of the microtu-
bules, as well as plus ends of polymerising microtubules, suggesting a potential entry mechanism for the parti-
cles, and indicating that they may have a functional role in stabilising microtubules, or tubulin homeostasis.

Lumenal actin filaments
Most lumenal densities observed in cryo-ET studies appear to be globular. Recently however, using a small-
molecule/kinesin driven extrusion technique to produce thin microtubule-based projections from HAP1 cells,
Paul et al. [50] showed that F-actin can reside in the microtubule lumen in a cellular context. Microtubule
lumenal F-actin was found in two distinct conformations, both with a higher degree of helical twist than the
canonical muscle form. The first form, the Class I filament, had more similar helical properties (as judged from
layer-line analysis) to cofilin-bound F-actin than the canonical form (strand crossovers at 29 nm for Class I fila-
ments vs ≈27 nm for cofilactin vs ≈37 nm for muscle actin); the second form, the Class II filament, showed
layer-line properties consistent with a novel actin conformation and/or the presence of actin binding proteins
[50]. Interestingly, Class II filaments were associated with a slightly larger microtubule diameter, suggesting the
possibility that either the typical 13 protofilament lattice is expanded or that there are more protofilaments. In
some images of the microtubule lumenal actin (Figure 1), it is also possible to see apparent dissociation of the
actin at the ends of the filament. This suggests the possibility that some of the globular densities that have been
observed in other studies could be G-actin or low order actin oligomers. If so, this requires a reconsideration of
actin dynamics, where the protomer is present at high local concentration and in a unique confined environ-
ment, where a classic diffusion-driven treadmilling framework may not apply.

Mechanisms of entry into the microtubule lumen
Robust identification of lumenal components in cytoplasmic microtubules must be a priority going forwards.
This should proceed in parallel with consideration of how they are incorporated into the dynamic microtubule
(Figure 2). Some densities have been reported to have a higher residency near ends of microtubules [25,41,46]
or near breakages, whereas in some cases there have been no significant correlation with these sites [43,45].
Conceptually, there are three possibilities of entry that are not mutually exclusive. First, a polymerising micro-
tubule may engulf cytosolic proteins. One could envisage this as a rather non-specific passive process; alterna-
tively, a more specific mechanism driven by affinity for the lumenal wall or MAPs at the growing tip, or
possibly, targeted release from vesicles at microtubule ends after it has been transported along the microtubule
by motor proteins. Indeed, microtubule polymerisation is required for the lumenal entry of MAP6 in vitro
[56]. Second, proteins could enter the lumen through open microtubule ends; this could again be facilitated by
microtubule end associated proteins and/or affinity for the lumenal wall, or by microtubule sliding motions
(Figure 2A,B). However, it is worth noting that the diffusion of any particles with affinity for the microtubule
lumen is likely to be very slow [72]. Finally, proteins could actively or passively enter the lumen through breaks
in the lattice (Figure 2C). For the large globular densities discussed above, it is difficult to envisage an entirely
diffusion-driven process and reports of connections to the microtubule wall suggest that interactions with
tubulin could help to drive incorporation as the microtubule is being polymerised. It is worth noting that in
vitro, antibodies against acetylated K40 can enter the lumen [57,61]. Fluorescently labelled FKBP (FK506
binding protein) can also be targeted to FRB (FKBP-rapamycin binding domain of mTOR) fused to the
lumenal side of tubulin in a rapamycin dependent manner; this appears to occur through a combination of
incorporation through polymerisation and diffusion through ends and breakages [73]. The entry mechanism
likely differs depending on the size of particles and affinity to tubulin. The microtubule properties in vivo
versus in vitro, as well as fixation methods which affect microtubule integrity, must be considered as well when
interpreting experiments.

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1956

Biochemical Society Transactions (2022) 50 1953–1962
https://doi.org/10.1042/BST20220851

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1953/941021/bst-2022-0851c.pdf by guest on 23 M

ay 2023

https://creativecommons.org/licenses/by/4.0/


Compared with globular proteins or protein complexes, F-actin poses a different challenge. Polymerisation of
tubulin around an existing actin filament seems plausible, as does the microtubule-sliding driven insertion into
an open microtubule end or a break in the lattice (Figure 2D,E). In the system used by Paul et al. [50], microtu-
bules are actively sliding, and it is likely that they are under a high degree of structural and mechanical stress.
This may also be the case in platelets where motor driven microtubule sliding plays a key role in their dynamics
[74]. Actin incorporation may be favoured by the presence of specific actin binding proteins. Indeed, both
MAP6 and Tau contain actin binding domains [75,76]. Alternatively, G-actin could be incorporated into the
growing microtubule at or near its cytosolic concentration. It is noteworthy that the cytosolic concentration of
G-actin is well-above the critical concentration for polymerisation, and in the absence of the complex cytosolic
buffering system (profilin/β-thymosin), F-actin could spontaneously polymerise within the lumen. There may

Figure 2. Diagram to illustrate potential mechanisms of protein entry into the microtubule lumen.

Globular proteins could enter in three ways: (A) encapsulation from growing or stable ends of microtubules, (B) active

incorporation during microtubule polymerisation, or (C) entry through microtubule breakages. (D) Actin filaments could

polymerise within the microtubule from free G-actin. (E) F-actin entry could be driven by sliding motions of microtubules.
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be an interesting analogy to be drawn in the growth of gold nanowires within the microtubule lumen through
targeting of gold nanoparticle seeds using antibody fragments directed at acetylated K40 [77]. Finally, it is also
interesting to consider a co-nucleation/polymerisation model; the structure of the microtubule nucleating
complex, γ-tubulin ring complex, revealed an actin-like protein as a core-component, although this appears to
be in the wrong orientation to nucleate actin at the same time unless a major conformational change takes
place [78–81].

Towards a function for lumenal components
The high abundance and differences in the frequency of microtubule lumenal contents between adjacent micro-
tubules, regions within a cell and between different types of cells suggest that the filaments and particles are
not present by simple coincidence, but may have specific functions. A significant proportion of lumenal dens-
ities have been identified in neurons, particularly within axons, which require very stable microtubules that
extend for long distances in a confined environment; although this may reflect a bias in the types of sample
that have been extensively studied rather than a physiological difference. Lumenal particles or actin filaments
could be providing a stabilising effect on microtubules through distinct mechanisms. Encapsulation of GFP
within the lumen using a tau derived peptide, that binds directly to the microtubule wall, has been shown to
stabilise microtubules and increase their rigidity in vitro [82] and lumenal MAP6 in vitro has also been shown
to increase microtubule stability [56]. Binding of proteins on the inner surface of the microtubule may be a
general mechanism to modulate microtubule dynamics (to stabilise or destabilise) from the inside without
restricting the binding of other proteins on what is presumably a quite congested outer surface. The possibility
of tubulin cofactors residing within the lumen may also point to a mechanism for localised microtubule repair
[71]. One could consider whether content flow could occur inside the lumen. The idea of the microtubule
lumen being used for transport was proposed by Slautterback [83] and has been alluded to several times since.
However, even if facilitated by binding to the microtubule lumen, the movement of the proteins within the
lumen is likely to be very slow, compared with the speed of transport using motor proteins on the exterior
surface.
At this point, it is perhaps worth returning to studies of axonemal microtubules where structural and func-

tional understanding is more advanced [5–16]. Numerous MIPs, both globular and filamentous, form a peri-
odic mesh lining the inner wall of the microtubule, some of which protrude into the microtubule wall itself, to
stabilise the microtubule in cilia and sperm flagella. At least at this point, this periodic highly ordered assembly
of well-defined proteins stands in contrast with the looser and more heterogenous material observed for cyto-
plasmic microtubules.

Summary
Imaging by both chemical fixation and modern cryo-ET have shown that the microtubule lumen is not always
hollow as is generally represented (Figure 3). The majority of observed densities have been in neurons, which
could reflect their function, but also the thinner, more accessible nature of neurons for imaging. The develop-
ment of techniques such as CEMOVIS and cryo-FIB milling have enabled studies of microtubules in thicker
tissues [41,54,55] and will allow us to continue to look deeper into cells and broaden our understanding of
where lumenal densities are present. Further structural understanding using cryo-ET and subvolume averaging
is required for their identification; this should also help reveal the entry mechanisms and their function, as well

Figure 3. Summary of lumenal components described in this review.

Both candidate and experimentally demonstrated proteins include a variety of large globular particles of unclear composition,

the unstructured proteins MAP6 and Tau, the small globular protein αTAT1, as well as G- and F-actin.
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as resolve outstanding questions on whether lumenal components are associated with particular microtubule
architectures (e.g. protofilament number). This will come with significant challenges – most notably how to
specifically perturb and assess the function of a lumenal component without affecting roles that they might
have on the exterior of microtubules or in the cytosol. As such, in vitro reconstitution approaches to under-
stand the effect of microtubule lumenal proteins on microtubule structure and dynamics will be particularly
important. This may allow the definition of mutations that uncouple cytosolic and lumenal activities. When
these are combined with rigorous in situ studies, we will begin to understand the function of microtubule
lumenal components in a complex cellular context.

Perspectives
• Observation of proteins in the microtubule lumen in both negative-stain and cryo-electron

microscopy studies challenges the classic representation of cytoplasmic microtubules as a
hollow cylindrical polymer.

• Recent studies show significant heterogeneity in the morphology, distribution, and frequency
of particles in the cytoplasmic microtubule lumen.

• Both in vitro and in vivo approaches must be integrated to identify particles and enable their
manipulation, specifically in the microtubule lumen, to understand their entry mechanisms and
function in the context of the dynamic and complex cell environment.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Open Access
Open access for this article was enabled by the participation of University of Bristol in an all-inclusive Read &
Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with JISC.

Author Contributions
C.T. and M.P.D wrote the paper.

Acknowledgements
C.T. is supported by the Wellcome Trust 4-year PhD Programme in Dynamic Molecular Cell Biology at the
University of Bristol. M.P.D. is a Lister Institute of Preventative Medicine Fellow and work in his lab is supported
by the UKRI Biotechnology and Bioscience Research Council (BB/W005581/1). We are grateful to Dr Danielle
Paul, Professor Paul Verkade, Dr Girish Mali, Katherine Surridge, and Dr Jessica Cross for comments on the
manuscript.

Abbreviations
CEMOVIS, cryo-electron microscopy of vitreous sections; MAPs, microtubule associated proteins; MIPs,
microtubule inner proteins.

References
1 Akhmanova, A. and Steinmetz, M.O. (2015) Control of microtubule organization and dynamics: two ends in the limelight. Nat. Rev. Mol. Cell Biol. 16,

711–726 https://doi.org/10.1038/nrm4084
2 Goodson, H.V. and Jonasson, E.M. (2018) Microtubules and microtubule-associated proteins. Cold Spring Harb. Perspect. Biol. 10, a022608 https://doi.

org/10.1101/cshperspect.a022608
3 Cason, S.E. and Holzbaur, E.L.F. (2022) Selective motor activation in organelle transport along axons. Nat. Rev. Mol. Cell Biol. 23, 699–714 https://doi.

org/10.1038/s41580-022-00491-w
4 Janke, C. and Magiera, M.M. (2020) The tubulin code and its role in controlling microtubule properties and functions. Nat. Rev. Mol. Cell Biol. 21,

307–326 https://doi.org/10.1038/s41580-020-0214-3

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1959

Biochemical Society Transactions (2022) 50 1953–1962
https://doi.org/10.1042/BST20220851

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1953/941021/bst-2022-0851c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1038/nrm4084
https://doi.org/10.1101/cshperspect.a022608
https://doi.org/10.1101/cshperspect.a022608
https://doi.org/10.1038/s41580-022-00491-w
https://doi.org/10.1038/s41580-022-00491-w
https://doi.org/10.1038/s41580-022-00491-w
https://doi.org/10.1038/s41580-022-00491-w
https://doi.org/10.1038/s41580-022-00491-w
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1038/s41580-020-0214-3
https://creativecommons.org/licenses/by/4.0/


5 Leung, M.R., Roelofs, M.C., Chiozzi, R.Z., Hevler, J.F., Heck, A.J.R. and Zeev-Ben-Mordehai, T. (2022) Unraveling the intricate microtubule inner protein
networks that reinforce mammalian sperm flagella. bioRxiv 2022.09.29.510157 https://doi.org/10.1101/2022.09.29.510157

6 Ichikawa, M. and Bui, K.H. (2018) Microtubule inner proteins: a meshwork of luminal proteins stabilizing the doublet microtubule. Bioessays 40,
1700209. https://doi.org/10.1002/bies.201700209

7 Chen, Z., Shiozaki, M., Haas, K.M., Zhao, S., Guo, C., Polacco, B.J. et al. (2022) De novo protein identification in mammalian sperm using
high-resolution in situ cryo-electron tomography. bioRxiv 2022.09.28.510016 https://doi.org/10.1101/2022.09.28.510016

8 Ichikawa, M., Khalifa, A.A.Z., Kubo, S., Dai, D., Basu, K., Maghrebi, M.A.F. et al. (2019) Tubulin lattice in cilia is in a stressed form regulated by
microtubule inner proteins. Proc. Natl Acad. Sci. U.S.A. 116, 19930–8 https://doi.org/10.1073/pnas.1911119116

9 Kubo, S., Black, C., Joachimiak, E., Yang, S.K., Legal, T., Peri, K. et al. (2022) Native doublet microtubules from Tetrahymena thermophila reveal the
importance of outer junction proteins. bioRxiv 2022.09.30.510376 https://doi.org/10.1101/2022.09.30.510376

10 van den Berg, C.M., Volkov, V.A., Schnorrenberg, S., Huang, Z., Stecker, K.E., Grigoriev, I. et al. (2022) CSPP1 stabilizes growing microtubule ends and
damaged lattices from the luminal side. bioRxiv 2022.06.23.497320 https://doi.org/10.1101/2022.06.23.497320

11 Gui, M., Croft, J.T., Zabeo, D., Acharya, V., Kollman, J.M., Burgoyne, T. et al. (2022) SPACA9 is a lumenal protein of human ciliary singlet and doublet
microtubules. Proc. Natl Acad. Sci. U.S.A. 119, e2207605119 https://doi.org/10.1073/pnas.2207605119

12 Cyrklaff, M., Kudryashev, M., Leis, A., Leonard, K., Baumeister, W., Menard, R. et al. (2007) Cryoelectron tomography reveals periodic material at the
inner side of subpellicular microtubules in apicomplexan parasites. J. Exp. Med. 204, 1281–1287 https://doi.org/10.1084/jem.20062405

13 Sui, H. and Downing, K.H. (2006) Molecular architecture of axonemal microtubule doublets revealed by cryo-electron tomography. Nature 442, 475–478
https://doi.org/10.1038/nature04816

14 Nicastro, D., Schwartz, C., Pierson, J., Gaudette, R., Porter, M.E. and McIntosh, J.R. (2006) The molecular architecture of axonemes revealed by
cryoelectron tomography. Science 313, 944–948 https://doi.org/10.1126/science.1128618

15 Nicastro, D., Fu, X., Heuser, T., Tso, A., Porter, M.E. and Linck, R.W. (2011) Cryo-electron tomography reveals conserved features of doublet
microtubules in flagella. Proc. Natl Acad. Sci. U.S.A. 108, E845–E853 https://doi.org/10.1073/pnas.1106178108

16 Pigino, G., Maheshwari, A., Bui, K.H., Shingyoji, C., Kamimura, S. and Ishikawa, T. (2012) Comparative structural analysis of eukaryotic flagella and cilia
from Chlamydomonas, Tetrahymena, and sea urchins. J. Struct. Biol. 178, 199–206 https://doi.org/10.1016/j.jsb.2012.02.012

17 Ma, M., Stoyanova, M., Rademacher, G., Dutcher, S.K., Brown, A. and Zhang, R. (2019) Structure of the decorated ciliary doublet microtubule. Cell
179, 909–22.e12 https://doi.org/10.1016/j.cell.2019.09.030

18 Wang, X., Fu, Y., Beatty, W.L., Ma, M., Brown, A., Sibley, L.D. et al. (2021) Cryo-EM structure of cortical microtubules from human parasite Toxoplasma
gondii identifies their microtubule inner proteins. Nat. Commun. 12, 3065 https://doi.org/10.1038/s41467-021-23351-1

19 Gui, M., Farley, H., Anujan, P., Anderson, J.R., Maxwell, D.W., Whitchurch, J.B. et al. (2021) De novo identification of mammalian ciliary motility
proteins using cryo-EM. Cell 184, 5791–806.e19 https://doi.org/10.1016/j.cell.2021.10.007

20 Nogales, E., Whittaker, M., Milligan, R.A. and Downing, K.H. (1999) High-resolution model of the microtubule. Cell 96, 79–88 https://doi.org/10.1016/
s0092-8674(00)80961-7

21 Sandborn, E.B., LeBuis, J.J. and Bois, P. (1966) Cytoplasmic microtubules in blood platelets. Blood 27, 247–252 https://doi.org/10.1182/blood.V27.2.
247.247

22 Behnke, O. (1967) Incomplete microtubules observed in mammalian blood platelets during microtubule polymerization. J. Cell Biol. 34, 697–701
https://doi.org/10.1083/jcb.34.2.697

23 Behnke, O. and Zelander, T. (1967) Filamentous substructure of microtubules of the marginal bundle of mammalian blood platelets. J. Ultrastruct. Res.
19, 147–165 https://doi.org/10.1016/s0022-5320(67)80065-0

24 Xu, Z. and Afzelius, B.A. (1988) The substructure of marginal bundles in human blood platelets. J. Ultrastruct. Mol. Struct. Res. 99, 244–253
https://doi.org/10.1016/0889-1605(88)90068-7

25 Xu, Z. and Afzelius, B.A. (1988) Early changes in the substructure of the marginal bundle in human blood platelets responding to adenosine
diphosphate. J. Ultrastruct. Mol. Struct. Res. 99, 254–260 https://doi.org/10.1016/0889-1605(88)90069-9

26 Andres, K.H. (1965) Der Feinbau Des Bulbus Olfactorius Der Ratte Unter Besonderer Berucksichtigung Der Synaptischen Verbindungen. Z. Zellforsch.
Mikrosk. Anat. 65, 530–561 https://doi.org/10.1007/Bf00337067

27 Peters, A. and Vaughn, J.E. (1967) Microtubules and filaments in the axons and astrocytes of early postnatal rat optic nerves. J. Cell Biol. 32, 113–119
https://doi.org/10.1083/jcb.32.1.113

28 Peters, A., Proskauer, C.C. and Kaiserman-Abramof, I.R. (1968) The small pyramidal neuron of the rat cerebral cortex. The axon hillock and initial
segment. J. Cell Biol. 39, 604–619 https://doi.org/10.1083/jcb.39.3.604

29 Bray, D. and Bunge, M.B. (1981) Serial analysis of microtubules in cultured rat sensory axons. J. Neurocytol. 10, 589–605 https://doi.org/10.1007/
BF01262592

30 Wuerker, R.B. and Palay, S.L. (1969) Neurofilaments and microtubules in anterior horn cells of the rat. Tissue Cell 1, 387–402 https://doi.org/10.1016/
s0040-8166(69)80012-1

31 Nixon, R.A., Paskevich, P.A., Sihag, R.K. and Thayer, C.Y. (1994) Phosphorylation on carboxyl terminus domains of neurofilament proteins in retinal
ganglion cell neurons in vivo: influences on regional neurofilament accumulation, interneurofilament spacing, and axon caliber. J. Cell Biol. 126,
1031–1046 https://doi.org/10.1083/jcb.126.4.1031

32 Gonatas, N.K. and Robbins, E. (1965) The homology of spindle tubules and neuro-tubules in the chick embryo retina. Protoplasma 59, 377–391
https://doi.org/10.1007/bf01252447

33 Hama, K. (1966) The fine structure of the Schwann cell sheath of the nerve fiber in the shrimp (Penaeus japonicus). J. Cell Biol. 31, 624–632
https://doi.org/10.1083/jcb.31.3.624

34 Chalfie, M. and Thomson, J.N. (1979) Organization of neuronal microtubules in the nematode Caenorhabditis elegans. J. Cell Biol. 82, 278–289
https://doi.org/10.1083/jcb.82.1.278

35 Burton, P.R. (1984) Luminal material in microtubules of frog olfactory axons: structure and distribution. J. Cell Biol. 99, 520–528 https://doi.org/10.
1083/jcb.99.2.520

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1960

Biochemical Society Transactions (2022) 50 1953–1962
https://doi.org/10.1042/BST20220851

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1953/941021/bst-2022-0851c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1101/2022.09.29.510157
https://doi.org/10.1002/bies.201700209
https://doi.org/10.1101/2022.09.28.510016
https://doi.org/10.1073/pnas.1911119116
https://doi.org/10.1101/2022.09.30.510376
https://doi.org/10.1101/2022.06.23.497320
https://doi.org/10.1073/pnas.2207605119
https://doi.org/10.1084/jem.20062405
https://doi.org/10.1038/nature04816
https://doi.org/10.1126/science.1128618
https://doi.org/10.1073/pnas.1106178108
https://doi.org/10.1016/j.jsb.2012.02.012
https://doi.org/10.1016/j.cell.2019.09.030
https://doi.org/10.1038/s41467-021-23351-1
https://doi.org/10.1038/s41467-021-23351-1
https://doi.org/10.1038/s41467-021-23351-1
https://doi.org/10.1038/s41467-021-23351-1
https://doi.org/10.1016/j.cell.2021.10.007
https://doi.org/10.1016/s0092-8674(00)80961-7
https://doi.org/10.1016/s0092-8674(00)80961-7
https://doi.org/10.1016/s0092-8674(00)80961-7
https://doi.org/10.1016/s0092-8674(00)80961-7
https://doi.org/10.1182/blood.V27.2.247.247
https://doi.org/10.1182/blood.V27.2.247.247
https://doi.org/10.1083/jcb.34.2.697
https://doi.org/10.1016/s0022-5320(67)80065-0
https://doi.org/10.1016/s0022-5320(67)80065-0
https://doi.org/10.1016/s0022-5320(67)80065-0
https://doi.org/10.1016/0889-1605(88)90068-7
https://doi.org/10.1016/0889-1605(88)90068-7
https://doi.org/10.1016/0889-1605(88)90068-7
https://doi.org/10.1016/0889-1605(88)90069-9
https://doi.org/10.1016/0889-1605(88)90069-9
https://doi.org/10.1016/0889-1605(88)90069-9
https://doi.org/10.1007/Bf00337067
https://doi.org/10.1083/jcb.32.1.113
https://doi.org/10.1083/jcb.39.3.604
https://doi.org/10.1007/BF01262592
https://doi.org/10.1007/BF01262592
https://doi.org/10.1016/s0040-8166(69)80012-1
https://doi.org/10.1016/s0040-8166(69)80012-1
https://doi.org/10.1016/s0040-8166(69)80012-1
https://doi.org/10.1016/s0040-8166(69)80012-1
https://doi.org/10.1083/jcb.126.4.1031
https://doi.org/10.1007/bf01252447
https://doi.org/10.1083/jcb.31.3.624
https://doi.org/10.1083/jcb.82.1.278
https://doi.org/10.1083/jcb.99.2.520
https://doi.org/10.1083/jcb.99.2.520
https://creativecommons.org/licenses/by/4.0/


36 Burton, P.R. (1987) Microtubules of frog olfactory axons: their length and number axon. Brain Res. 409, 71–78 https://doi.org/10.1016/0006-8993(87)
90742-6

37 Rodriguez Echandia, E.L., Piezzi, R.S. and Rodriguez, E.M. (1968) Dense-core microtubules in neurons and gliocytes of the toad Bufo arenarum Hensel.
Am. J. Anat. 122, 157–166 https://doi.org/10.1002/aja.1001220110

38 Smith, D.S., Jarlfors, U. and Beranek, R. (1970) The organization of synaptic axcplasm in the lamprey (petromyzon marinus) central nervous system.
J. Cell Biol. 46, 199–219 https://doi.org/10.1083/jcb.46.2.199

39 Gupta, B.L. and Berridge, M.J. (1966) Fine structural organization of the rectum in the blowfly, Calliphora erythrocephala (Meig.) with special
reference to connective tissue, tracheae and neurosecretory innervation in the rectal papillae. J. Morphol. 120, 23–81 https://doi.org/10.1002/jmor.
1051200104

40 Bassot, J.M. and Martoja, R. (1966) Donnees Histologiques Et Ultrastructurales Sur Les Microtubules Cytoplasmiques Du Canal Ejaculateur Des Insectes
Orthopteres. Z. Zellforsch. Mikrosk. Anat. 74, 145–181 https://doi.org/10.1007/Bf00399654

41 Garvalov, B.K., Zuber, B., Bouchet-Marquis, C., Kudryashev, M., Gruska, M., Beck, M. et al. (2006) Luminal particles within cellular microtubules.
J. Cell Biol. 174, 759–765 https://doi.org/10.1083/jcb.200606074

42 Fukuda, Y., Laugks, U., Lucic, V., Baumeister, W. and Danev, R. (2015) Electron cryotomography of vitrified cells with a Volta phase plate. J. Struct.
Biol. 190, 143–154 https://doi.org/10.1016/j.jsb.2015.03.004

43 Foster, H.E., Ventura Santos, C. and Carter, A.P. (2022) A cryo-ET survey of microtubules and intracellular compartments in mammalian axons. J. Cell
Biol. 221, e202103154 https://doi.org/10.1083/jcb.202103154

44 Atherton, J., Stouffer, M., Francis, F. and Moores, C.A. (2018) Microtubule architecture in vitro and in cells revealed by cryo-electron tomography. Acta
Crystallogr. D Struct. Biol. 74, 572–584 https://doi.org/10.1107/S2059798318001948

45 Atherton, J., Stouffer, M., Francis, F. and Moores, C.A. (2022) Visualising the cytoskeletal machinery in neuronal growth cones using cryo-electron
tomography. J. Cell Sci. 135, jcs259234 https://doi.org/10.1242/jcs.259234

46 Schrod, N., Vanhecke, D., Laugks, U., Stein, V., Fukuda, Y., Schaffer, M. et al. (2018) Pleomorphic linkers as ubiquitous structural organizers of vesicles
in axons. PLoS ONE 13, e0197886 https://doi.org/10.1371/journal.pone.0197886

47 Grange, M., Vasishtan, D. and Grunewald, K. (2017) Cellular electron cryo tomography and in situ sub-volume averaging reveal the context of
microtubule-based processes. J. Struct. Biol. 197, 181–190 https://doi.org/10.1016/j.jsb.2016.06.024

48 Chakraborty, S., Mahamid, J. and Baumeister, W. (2020) Cryoelectron tomography reveals nanoscale organization of the cytoskeleton and its relation to
microtubule curvature inside cells. Structure 28, 991–1003.e4 https://doi.org/10.1016/j.str.2020.05.013

49 Schwartz, C.L., Sarbash, V.I., Ataullakhanov, F.I., McIntosh, J.R. and Nicastro, D. (2007) Cryo-fluorescence microscopy facilitates correlations between
light and cryo-electron microscopy and reduces the rate of photobleaching. J. Microsc. 227, 98–109 https://doi.org/10.1111/j.1365-2818.2007.
01794.x

50 Paul, D.M., Mantell, J., Borucu, U., Coombs, J., Surridge, K.J., Squire, J.M. et al. (2020) In situ cryo-electron tomography reveals filamentous actin
within the microtubule lumen. J. Cell Biol. 219, e201911154 https://doi.org/10.1083/jcb.201911154

51 Koning, R.I., Zovko, S., Barcena, M., Oostergetel, G.T., Koerten, H.K., Galjart, N. et al. (2008) Cryo electron tomography of vitrified fibroblasts:
microtubule plus ends in situ. J. Struct. Biol. 161, 459–468 https://doi.org/10.1016/j.jsb.2007.08.011

52 Horev, M.B., Zabary, Y., Zarka, R., Sorrentino, S., Medalia, O., Zaritsky, A. et al. (2020) Differential dynamics of early stages of platelet adhesion and
spreading on collagen IV- and fibrinogen-coated surfaces. F1000Res. 9, 449 https://doi.org/10.12688/f1000research.23598.2

53 Hoffmann, P.C., Giandomenico, S.L., Ganeva, I., Wozny, M.R., Sutcliffe, M., Lancaster, M.A. et al. (2021) Electron cryo-tomography reveals the
subcellular architecture of growing axons in human brain organoids. eLife 10, e70269 https://doi.org/10.7554/eLife.70269

54 Schaffer, M., Pfeffer, S., Mahamid, J., Kleindiek, S., Laugks, T., Albert, S. et al. (2019) A cryo-FIB lift-out technique enables molecular-resolution
cryo-ET within native Caenorhabditis elegans tissue. Nat. Methods 16, 757–762 https://doi.org/10.1038/s41592-019-0497-5

55 Bouchet-Marquis, C., Zuber, B., Glynn, A.M., Eltsov, M., Grabenbauer, M., Goldie, K.N. et al. (2007) Visualization of cell microtubules in their native
state. Biol. Cell 99, 45–53 https://doi.org/10.1042/BC20060081

56 Cuveillier, C., Delaroche, J., Seggio, M., Gory-Faure, S., Bosc, C., Denarier, E. et al. (2020) MAP6 is an intraluminal protein that induces neuronal
microtubules to coil. Sci. Adv. 6, eaaz4344 https://doi.org/10.1126/sciadv.aaz4344

57 Soppina, V., Herbstman, J.F., Skiniotis, G. and Verhey, K.J. (2012) Luminal localization of alpha-tubulin K40 acetylation by cryo-EM analysis of
fab-labeled microtubules. PLoS ONE 7, e48204 https://doi.org/10.1371/journal.pone.0048204

58 Szyk, A., Deaconescu, A.M., Spector, J., Goodman, B., Valenstein, M.L., Ziolkowska, N.E. et al. (2014) Molecular basis for age-dependent microtubule
acetylation by tubulin acetyltransferase. Cell 157, 1405–1415 https://doi.org/10.1016/j.cell.2014.03.061

59 Xu, Z., Schaedel, L., Portran, D., Aguilar, A., Gaillard, J., Marinkovich, M.P. et al. (2017) Microtubules acquire resistance from mechanical breakage
through intralumenal acetylation. Science 356, 328–332 https://doi.org/10.1126/science.aai8764

60 Coombes, C., Yamamoto, A., McClellan, M., Reid, T.A., Plooster, M., Luxton, G.W. et al. (2016) Mechanism of microtubule lumen entry for the
alpha-tubulin acetyltransferase enzyme alphaTAT1. Proc. Natl Acad. Sci. U.S.A. 113, E7176–E7E84 https://doi.org/10.1073/pnas.1605397113

61 Ly, N., Elkhatib, N., Bresteau, E., Pietrement, O., Khaled, M., Magiera, M.M. et al. (2016) alphaTAT1 controls longitudinal spreading of acetylation marks
from open microtubules extremities. Sci. Rep. 6, 35624 https://doi.org/10.1038/srep35624

62 Howes, S.C., Alushin, G.M., Shida, T., Nachury, M.V. and Nogales, E. (2014) Effects of tubulin acetylation and tubulin acetyltransferase binding on
microtubule structure. Mol. Biol. Cell 25, 257–266 https://doi.org/10.1091/mbc.E13-07-0387

63 Even, A., Morelli, G., Broix, L., Scaramuzzino, C., Turchetto, S., Gladwyn-Ng, I. et al. (2019) ATAT1-enriched vesicles promote microtubule acetylation
via axonal transport. Sci. Adv. 5, eaax2705 https://doi.org/10.1126/sciadv.aax2705

64 Friedmann, D.R., Aguilar, A., Fan, J., Nachury, M.V. and Marmorstein, R. (2012) Structure of the alpha-tubulin acetyltransferase, alphaTAT1, and
implications for tubulin-specific acetylation. Proc. Natl Acad. Sci. U.S.A. 109, 19655–19660 https://doi.org/10.1073/pnas.1209357109

65 Topalidou, I., Keller, C., Kalebic, N., Nguyen, K.C., Somhegyi, H., Politi, K.A. et al. (2012) Genetically separable functions of the MEC-17 tubulin
acetyltransferase affect microtubule organization. Curr. Biol. 22, 1057–1065 https://doi.org/10.1016/j.cub.2012.03.066

66 Kar, S., Fan, J., Smith, M.J., Goedert, M. and Amos, L.A. (2003) Repeat motifs of tau bind to the insides of microtubules in the absence of taxol.
EMBO J. 22, 70–77 https://doi.org/10.1093/emboj/cdg001

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1961

Biochemical Society Transactions (2022) 50 1953–1962
https://doi.org/10.1042/BST20220851

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1953/941021/bst-2022-0851c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1016/0006-8993(87)90742-6
https://doi.org/10.1016/0006-8993(87)90742-6
https://doi.org/10.1016/0006-8993(87)90742-6
https://doi.org/10.1016/0006-8993(87)90742-6
https://doi.org/10.1002/aja.1001220110
https://doi.org/10.1083/jcb.46.2.199
https://doi.org/10.1002/jmor.1051200104
https://doi.org/10.1002/jmor.1051200104
https://doi.org/10.1007/Bf00399654
https://doi.org/10.1083/jcb.200606074
https://doi.org/10.1016/j.jsb.2015.03.004
https://doi.org/10.1083/jcb.202103154
https://doi.org/10.1107/S2059798318001948
https://doi.org/10.1242/jcs.259234
https://doi.org/10.1371/journal.pone.0197886
https://doi.org/10.1016/j.jsb.2016.06.024
https://doi.org/10.1016/j.str.2020.05.013
https://doi.org/10.1111/j.1365-2818.2007.01794.x
https://doi.org/10.1111/j.1365-2818.2007.01794.x
https://doi.org/10.1111/j.1365-2818.2007.01794.x
https://doi.org/10.1083/jcb.201911154
https://doi.org/10.1016/j.jsb.2007.08.011
https://doi.org/10.12688/f1000research.23598.2
https://doi.org/10.7554/eLife.70269
https://doi.org/10.1038/s41592-019-0497-5
https://doi.org/10.1038/s41592-019-0497-5
https://doi.org/10.1038/s41592-019-0497-5
https://doi.org/10.1038/s41592-019-0497-5
https://doi.org/10.1042/BC20060081
https://doi.org/10.1126/sciadv.aaz4344
https://doi.org/10.1371/journal.pone.0048204
https://doi.org/10.1016/j.cell.2014.03.061
https://doi.org/10.1126/science.aai8764
https://doi.org/10.1073/pnas.1605397113
https://doi.org/10.1038/srep35624
https://doi.org/10.1091/mbc.E13-07-0387
https://doi.org/10.1091/mbc.E13-07-0387
https://doi.org/10.1091/mbc.E13-07-0387
https://doi.org/10.1126/sciadv.aax2705
https://doi.org/10.1073/pnas.1209357109
https://doi.org/10.1016/j.cub.2012.03.066
https://doi.org/10.1093/emboj/cdg001
https://creativecommons.org/licenses/by/4.0/


67 Inaba, H. and Matsuura, K. (2021) Live-cell fluorescence imaging of microtubules by using a tau-derived peptide. Methods Mol. Biol. 2274, 169–179
https://doi.org/10.1007/978-1-0716-1258-3_15

68 Inaba, H., Sueki, Y., Ichikawa, M., Kabir, A.M.R., Iwasaki, T., Shigematsu, H. et al. (2022) Generation of stable microtubule superstructures by binding of
peptide-fused tetrameric proteins to inside and outside. Sci. Adv. 8, eabq3817 https://doi.org/10.1126/sciadv.abq3817

69 Inaba, H. and Matsuura, K. (2021) Modulation of microtubule properties and functions by encapsulation of nanomaterials using a tau-derived peptide.
Bull. Chem. Soc. Jpn 94, 2100–2112 https://doi.org/10.1246/bcsj.20210202

70 Inaba, H., Yamamoto, T., Kabir, A.M.R., Kakugo, A., Sada, K. and Matsuura, K. (2018) Molecular encapsulation inside microtubules based on
tau-derived peptides. Chemistry 24, 14958–14967 https://doi.org/10.1002/chem.201802617

71 Chakraborty, S., Martinez-Sanchez, A., Beck, F., Toro-Nahuelpan, M., Hwang, I.-Y., Noh, K.-M. et al. (2022) Cryo-electron tomography reveals
enrichment and identifies microtubule lumenal particles in neuronal differentiation. bioRxiv 2022.07.28.501854 https://doi.org/10.1101/2022.07.28.
501854

72 Odde, D. (1998) Diffusion inside microtubules. Eur. Biophys. J. 27, 514–520 https://doi.org/10.1007/s002490050161
73 Nihongaki, Y., Matsubayashi, H.T. and Inoue, T. (2021) A molecular trap inside microtubules probes luminal access by soluble proteins. Nat. Chem. Biol.

17, 888–895 https://doi.org/10.1038/s41589-021-00791-w
74 Bender, M., Thon, J.N., Ehrlicher, A.J., Wu, S., Mazutis, L., Deschmann, E. et al. (2015) Microtubule sliding drives proplatelet elongation and is

dependent on cytoplasmic dynein. Blood 125, 860–868 https://doi.org/10.1182/blood-2014-09-600858
75 Elie, A., Prezel, E., Guerin, C., Denarier, E., Ramirez-Rios, S., Serre, L. et al. (2015) Tau co-organizes dynamic microtubule and actin networks. Sci.

Rep. 5, 9964 https://doi.org/10.1038/srep09964
76 Peris, L., Bisbal, M., Martinez-Hernandez, J., Saoudi, Y., Jonckheere, J., Rolland, M. et al. (2018) A key function for microtubule-associated-protein 6 in

activity-dependent stabilisation of actin filaments in dendritic spines. Nat. Commun. 9, 3775 https://doi.org/10.1038/s41467-018-05869-z
77 Joshi, F.M., Viar, G.A., Pigino, G., Drechsler, H. and Diez, S. (2022) Fabrication of high aspect ratio gold nanowires within the microtubule lumen. Nano

Lett. 22, 3659–3667 https://doi.org/10.1021/acs.nanolett.2c00255
78 Liu, P., Zupa, E., Neuner, A., Bohler, A., Loerke, J., Flemming, D. et al. (2020) Insights into the assembly and activation of the microtubule nucleator

gamma-TuRC. Nature 578, 467–471 https://doi.org/10.1038/s41586-019-1896-6
79 Wieczorek, M., Urnavicius, L., Ti, S.C., Molloy, K.R., Chait, B.T. and Kapoor, T.M. (2020) Asymmetric molecular architecture of the human

gamma-tubulin ring complex. Cell 180, 165–75.e16 https://doi.org/10.1016/j.cell.2019.12.007
80 Consolati, T., Locke, J., Roostalu, J., Chen, Z.A., Gannon, J., Asthana, J. et al. (2020) Microtubule nucleation properties of single human gammaTuRCs

explained by their cryo-EM structure. Dev. Cell 53, 603–17.e8 https://doi.org/10.1016/j.devcel.2020.04.019
81 Wieczorek, M., Ti, S.C., Urnavicius, L., Molloy, K.R., Aher, A., Chait, B.T. et al. (2021) Biochemical reconstitutions reveal principles of human

gamma-TuRC assembly and function. J. Cell Biol. 220, e202009146 https://doi.org/10.1083/jcb.202009146
82 Inaba, H., Yamamoto, T., Iwasaki, T., Kabir, A.M.R., Kakugo, A., Sada, K. et al. (2019) Stabilization of microtubules by encapsulation of the GFP using a

tau-derived peptide. Chem. Commun. (Camb) 55, 9072–9075 https://doi.org/10.1039/c9cc04345d
83 Slautterback, D.B. (1963) Cytoplasmic microtubules. I. Hydra. J. Cell Biol. 18, 367–388 https://doi.org/10.1083/jcb.18.2.367

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1962

Biochemical Society Transactions (2022) 50 1953–1962
https://doi.org/10.1042/BST20220851

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1953/941021/bst-2022-0851c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1007/978-1-0716-1258-3_15
https://doi.org/10.1007/978-1-0716-1258-3_15
https://doi.org/10.1007/978-1-0716-1258-3_15
https://doi.org/10.1007/978-1-0716-1258-3_15
https://doi.org/10.1007/978-1-0716-1258-3_15
https://doi.org/10.1126/sciadv.abq3817
https://doi.org/10.1246/bcsj.20210202
https://doi.org/10.1002/chem.201802617
https://doi.org/10.1101/2022.07.28.501854
https://doi.org/10.1101/2022.07.28.501854
https://doi.org/10.1007/s002490050161
https://doi.org/10.1038/s41589-021-00791-w
https://doi.org/10.1038/s41589-021-00791-w
https://doi.org/10.1038/s41589-021-00791-w
https://doi.org/10.1038/s41589-021-00791-w
https://doi.org/10.1182/blood-2014-09-600858
https://doi.org/10.1182/blood-2014-09-600858
https://doi.org/10.1182/blood-2014-09-600858
https://doi.org/10.1182/blood-2014-09-600858
https://doi.org/10.1038/srep09964
https://doi.org/10.1038/s41467-018-05869-z
https://doi.org/10.1038/s41467-018-05869-z
https://doi.org/10.1038/s41467-018-05869-z
https://doi.org/10.1038/s41467-018-05869-z
https://doi.org/10.1021/acs.nanolett.2c00255
https://doi.org/10.1038/s41586-019-1896-6
https://doi.org/10.1038/s41586-019-1896-6
https://doi.org/10.1038/s41586-019-1896-6
https://doi.org/10.1038/s41586-019-1896-6
https://doi.org/10.1016/j.cell.2019.12.007
https://doi.org/10.1016/j.devcel.2020.04.019
https://doi.org/10.1083/jcb.202009146
https://doi.org/10.1039/c9cc04345d
https://doi.org/10.1083/jcb.18.2.367
https://creativecommons.org/licenses/by/4.0/

	Lumenal components of cytoplasmic microtubules
	Abstract
	Introduction
	Negative-stain electron microscopy of microtubules in animal tissues
	Cryo-electron microscopy studies of cells and tissues
	Morphological and structural characterisation of lumenal components
	Globular lumenal particles
	Candidate protein components of lumenal particles
	Microtubule associated protein 6 (MAP6)
	Alpha tubulin acetyltransferase 1 (αTAT1)
	Tau
	Tubulin binding cofactors
	Lumenal actin filaments


	Mechanisms of entry into the microtubule lumen
	Towards a function for lumenal components
	Summary
	Competing Interests
	Open Access
	Author Contributions
	References


