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Lay Summary

Filament-like structures called microtubules are critical for our cells to function adequately. Their roles

include providing tracks for proteins that carry cargo from one part of the cell to the other. They are

also crucial for binding to chromosomes (which contain our DNA), ensuring they are distributed evenly

within our cells as they grow and divide. The building blocks of microtubules are proteins called tubulins.

These can rapidly assemble and disassemble into microtubules in a highly regulated manner to help

different types of cells achieve their goals.

Like any other protein our cells make, tubulins are subject to mutations. Our DNA contains detailed

instructions for a cell to generate proteins in a specific way, and mutations are changes in these

instructions. Mutations are random and can occur between generations which, in turn, can be passed

on from one generation to another. The changes mutations introduce are reflected in the protein that is

made, which can have catastrophic consequences on the cell. On a larger scale, these consequences

can lead to disease. Indeed, many mutations in tubulin are associated with diseases, such as disorders

impairing brain development, respiratory illnesses, and female infertility. However, precisely how these

mutations lead to disease and if we can predict whether a given mutation is likely to cause disease is

still unknown.

This thesis combines computational and experimental techniques to address these problems. First, I

looked at different types of tubulins (called isotypes). Here, I used computational data to assess their

differences before evaluating how we can determine the capability in which they can assemble into

microtubules using experimental methods. Next, I used different computational programs to test how

well they can distinguish between mutations in tubulin linked to disease and ones found in healthy

people. Mostly, these programs are limited in their utility, especially compared to how they perform on

other proteins.

To understand the reasons behind these poor predictions, I then identified which disease-causing

mutations were predicted to be the least harmful to further study. In these experiments, I wanted to

determine whether the mutation completely prevents the protein from forming correctly. If the protein

forms, mutated tubulin can freely assemble into microtubules and alter their properties in a way that

would give rise to disease. I found that mutations predicted the most poorly (i.e. causing disease but

predicted to be the least harmful) generate mutant versions of tubulin that are still capable of assem-

bling into microtubules. In contrast, mutations that computational programs predict more accurately

stop tubulin from being produced altogether. My work presents tubulins as a weakness in current

computational programs aiming to predict disease-causing mutations. This weakness could be due to

programs failing to adequately consider mutations that do not stop the protein from forming but cause

disease in other ways.
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Abstract

From assisting division to molecular transport, cells depend on microtubules for several vital functions.

Their fundamental nature is reflected in the extensive links between disease and mutations in their

building blocks: heterodimers of tubulin-α and -β proteins. The first reported tubulin mutations were

solely associated with neurodevelopment. Since then, disorders including bleeding disorders and in-

fertility have also been attributed to tubulins, with several isotypes in the tubulin family now implicated

in disease. However, the mechanisms governing how these mutations give rise to disease remain

unclear. This thesis integrates computational and experimental strategies to address this question.

First, I focused on comparing isotypes using both approaches. Bioinformatic tools allowed me to eval-

uate how tubulin isotypes differ in tissue expression, sequence divergence and evolutionary constraint.

I then complemented this by utilising cell biology techniques to investigate the capability of tubulin

isotypes to be incorporated into microtubules. Through this work, I could also interrogate strategies for

tagging tubulin isotypes in vivo.

Next, I systematically analysed mutations across the tubulin family to understand how they can result in

disease with the view to improve predictions of their phenotypic effects. Variant effect predictors (VEPs)

and structural analyses showed an inadequate ability to distinguish between pathogenic mutations

and putatively benign variants. Moreover, their performance was markedly worse in genes linked to

diseases outside of neurodevelopment. I then highlighted the mutations that had the poorest mutations

so I could characterise them experimentally. Mutant tubulin incorporated into microtubules successfully,

indicating that their pathogenic phenotype results from dominant-negative effects.

Finally, I interrogated mutations in TUBβ4B associated with primary ciliary dyskinesia (PCD), a disease

newly ascribed to tubulin. As these mutations varied in structural location and predicted effect, they

also provided an excellent case study for identifying differences in pathogenic mechanisms. Indeed,

experimental characterisation in vitro showed that mutations occurring close to the heterodimeric

binding interface and predicted more likely to be pathogenic (P259S and P259L) disrupted heterodimer

formation. In contrast, a mutation predicted more poorly (P358S) close to the microtubule lumen formed

a stable heterodimer, suggesting it may exert dominant-negative effects. In vivo experiments confirmed

these differences in terms of microtubule incorporation. Overall, this thesis highlights tubulin mutations

as a blind spot for pathogenicity prediction, and this is potentially attributed to their ability to cause

disease through dominant-negative effects.
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Chapter 1

Introduction

1.1 Tubulin: A Fundamental Protein

1.1.1 What are Microtubules?

The first use of the term ’microtubules’ dates back to the early 1960s, as improvements

in approaches to imaging allowed for the discovery of long, tubular structures within cells

(Ledbetter & Porter, 1963; Slautterback, 1963). Establishing them as ubiquitous, they also

presented microtubules as the main component of mitotic spindles. Borisy and Taylor (1967)

advanced the field by separating the microtubule protein subunit using colchicine, a drug

that disrupts the mitotic spindle (Taylor, 1965). Following its isolation, the protein subunit of

microtubules was later named ’tubulin’ Mohri (1968).

Around the same time, Inoué and Sato (1967) hinted at a critical property of microtubules:

their dynamicity. Since then, many have expanded on this discovery. Eventually, the ability of

tubulin to readily assemble and disassemble into microtubules was termed ’dynamic instabil-

ity’. Chiefly, a landmark study by T. Mitchison and Kirschner (1984a) first fully described this

phenomenon, quantifying the rates of polymerisation (growth) and depolymerisation (shrink-

age). Furthermore, transitions between these two states can occur, where microtubules in

catastrophe go from growth to shrinkage, while rescue describes the opposite, (though this

is a much rarer event). Also, the rates at which these processes occur are not equivalent

for both ends of the microtubule, with the ’plus’ end being more dynamic than the ’minus’

end, meaning that it is more susceptible to growth and shrinkage (Walker et al., 1988). These

properties allow microtubules to form complex cytoskeletal networks necessary for molecular

trafficking during interphase and highly dynamic spindles, which are crucial for cell division.

The tubulin subunit is a heterodimer of tubulin-α and -β (Ludueńa et al., 1977). Tubulin dimers

longitudinally bind together (i.e. tubulin-α on one dimer binds to tubulin-β on another in a

chain-like manner), taking shape as a long protofilament. A microtubule consists of multiple

protofilaments forming a tubular structure with a space trapped inside, referred to as the

lumen. Microtubules normally comprise 13 protofilaments, especially in mammals (Tilney et

al., 1973). However, protofilament numbers may vary, particularly in prokaryotes (reviewed in

Chaaban & Brouhard, 2017). Typically, protofilaments within the microtubule are held together

1
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by lateral homotypic interactions (i.e. α with α, β with β). An exception to this pattern is at the

microtubule seam, where contacts are made between α and β-tubulins of distinct dimers

(Mandelkow et al., 1986).

1.1.2 How microtubules grow and shrink

While both tubulin-α and β are capable of binding to a single molecule of guanosine tri-

phosphate (GTP), only tubulin-β can hydrolyse this to guanosine diphosphate (GDP). In

tubulin-α, the GTP molecule remains in its unhydrolysed form (Kobayashi, 1975). GTP hy-

drolysis then occurs once tubulin is polymerised within the microtubule. Hence, only dimers

at the tip of polymerising microtubule ends are in the GTP-bound state, creating a ’GTP cap’

(T. J. Mitchison, 1993), as Fig. 1.1 shows.

Figure 1.1: Diagram of microtubules in different phases Microtubules in their growing
(top left) and shrinking (bottom right) phase. They form a hollow tube comprising of 13
protofilaments (bottom left). Heterodimers of α and β-tubulin (top right) in their GTP-bound
state are added to a growing microtubule, forming a GTP cap (shown in blue). Once
polymerised, β-tubulin GTP is hydrolysed, and the loss of the GTP cap triggers microtubule
shrinkage. Arrows indicate direction of polymerising (white) or depolymerising (red) tubulin
dimers. Created using BioRender.com

The tubulin dimer’s ability to curve is critical for this process to occur efficiently, where pro-

tofilaments consisting of tubulin in the GDP-bound state are curved while microtubules with

GTP-tubulin are straight (Nogales & Wang, 2006; H.-W. Wang et al., 2005). Indeed, cryo-

electron microscopy studies describe tubulin dimers as being in one of three conformational

states: compacted, expanded and curved. The latter conformation describes an approximate

12° kink between tubulin-α and β and is the state of GTP-tubulin as it is incorporated into
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the microtubule. Once this occurs, GTP-tubulin straightens and transitions into the expanded

conformation (Buey et al., 2006).

Expanded tubulin dimers favour GTP hydrolysis, upon which a single phosphate is released.

At this point, the dimer enters a compacted state within the lattice, and this was thought to

be driven by GTP hydrolysis via conformational changes within the tubulin-α subunit in the

adjoining longitudinal dimer (Alushin et al., 2014). However, this was contradicted by recent

work using mutated forms of tubulin diminishing GTP hydrolysis (on residue E254, established

by Roostalu et al. (2020)). As expected, these mutants form microtubules with lattices in

their expanded state. However, these lattices compact upon the binding of end binding (EB)

proteins (discussed further in section 1.1.6), which preferentially bind to GTP-tubulin. Instead,

microtubules with mutant GTP-tubulin have a more stable seam, indicating that this might be

the mechanism in which GTP hydrolysis compromises microtubule stability (LaFrance et al.,

2022).

Microtubules with tubulins in their compacted state are stable and can withstand a remarkable

degree of mechanical stress. Eventually, microtubules lose their GTP cap, triggering them

to go into catastrophe. Compacted dimers now revert to their curved state (Mandelkow et

al., 1991), peeling outwards in a process also aided by stathmins (Rubin & Atweh, 2004).

Because of this, it has been widely thought that only depolymerising microtubules had tips

with highly frayed protofilaments. However, this has been challenged by McIntosh et al. (2018),

who observed curvature in growing microtubule ends across multiple species.

Dynamicity is not limited to microtubule tips, as can be seen by the repair of damaged mi-

crotubules. Damage can be implemented deliberately by cells to instigate cytoskeletal re-

arrangements through microtubule severing enzymes such as members in the katanin family

(reviewed in (Lynn et al., 2021)). Alternatively, damage can occur mechanically through pro-

longed stretching and tension (Tang-Schomer et al., 2010) or extensive usage by molecular

motors as tracks during molecular trafficking (Budaitis et al., 2022).

The gaps left behind during microtubule damage can be restored. In a process known as

self-repair, tubulin dimers have been observed incorporating along an established lattice,

particularly in sites that bend under significant mechanical pressure or where microtubules

intersect (Aumeier et al., 2016). Schaedel et al. (2019) followed this up by finding that the

process in which dimers detach from the lattice while others fill in the gaps left behind is

spontaneous and frequent, particularly in microtubules undergoing rapid growth. These events

can rescue microtubules in catastrophe and hence renew them. Furthermore, this process can

be amplified by increasing molecular motor activity, as the tubulin exchange rate along micro-

tubules would also increase. On a cellular level, this creates a denser microtubule network

that impacts cell polarity (Andreu-Carbó et al., 2022).
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1.1.3 How microtubules nucleate

While the establishment of microtubules is less dynamic, it can occur through multiple pro-

cesses. In vivo, the primary mechanism is through microtubule organising centres known

as centrosomes (T. Mitchison & Kirschner, 1984b). Centrosomes consist of centrioles con-

tained within a dense protein assembly known as the pericentriolar material (PCM), with

the main component required for microtubule assembly being the γ-tubulin ring complex (γ-

TuRC) (Zheng et al., 1995) and three recent studies have finally shed light on its structure

(Consolati et al., 2020; Liu et al., 2020; Wieczorek et al., 2020). The complex’s shape is

cone-like, where multiple copies of tubulin-γ – another member of the tubulin superfamily –

are arranged circularly. Multiple distinct GCP proteins (γ-tubulin complex proteins) form the

scaffold underneath, while actin and MZT-2 provide stability to a closed conformation of γ-

TuRC, which can nucleate more efficiently. The γ-TuRC complex forms the minus end of

microtubules, as tubulin-γ proteins can bind to tubulin-α from free heterodimers in the cytosol

and thus induce polymerisation. The γ-TuRC complex, in turn, is activated by a well-conserved

γ-tubulin nucleation activator (γ-TuNA), restricting the activity of γ-TuRC to specific parts of the

cell and counteracting the activity of stathmins in vitro (Rale et al., 2022).

While centrosomes are the primary facilitator of microtubule nucleation, especially in mitosis,

other mechanisms have also been described. One of these mechanisms arose from the find-

ing that DNA-coated beads incubated with Xenopus egg extracts led to observed nucleation in

the absence of centrosomes, particularly at the onset of mitosis (Heald et al., 1996). In human

cells, microtubule nucleation via DNA-containing chromatin depends heavily on a gradient

setup by Ran-GTP and is driven by RCC1, an exchange factor that associates with chromatin

(Kalab et al., 2006). The effector of this gradient is TPX2, which, upon the action of Ran-

GTP, forms a supercomplex with γ-TuRC and other proteins that activate nucleation following

Aurora-A phosphorylation (Scrofani et al., 2015). However, microtubule organising centres

can exist without γ-tubulin, and recent work shows that this involves TPX2 as well as other

proteins: ch-TOG, CLASP1, and CAMSAPs (Tsuchiya & Goshima, 2021).

Microtubules can also branch out from existing ones. This notion was hinted at by Clausen

and Ribbeck (2007), who inferred that microtubules could generate the nucleation of more

microtubules, and Goshima et al. (2008), who found that a protein complex named Augmin

increased microtubule density. However, microtubule branching was not observed directly in

vitro until Petry et al. (2013) used total internal reflection (TIRF) on Xenopus cell extracts,

where tighter branching angles resulted in denser microtubule clusters. They also found that γ-

TuRC is needed for the nucleation of branching microtubules while branching itself is governed

by Augmin, Ran-GTP and TPX2.
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1.1.4 The tubulin heterodimer structure is well-defined

The three-dimensional protein structure of the tubulin heterodimer was solved in the mid to

late 1990s, with three landmark papers describing structures of tubulin-α and β with increasing

resolution (Nogales et al., 1997; Nogales, Wolf, & Downing, 1998; Nogales et al., 1995). These

studies clearly define the structure of the heterodimer and the interactions involved between

dimers in the context of microtubules. Though tubulin-α and β only share around 40% identity,

their structures are strikingly akin to each other; both are comprised of multiple α-helices

encompassing two β-sheets. Furthermore, all three domains (as shown in Fig. 1.2) contribute

to interactions along and across protofilaments, the strong binding between α and β within

the tubulin dimer and the weaker longitudinal interactions between tubulin dimers.

Figure 1.2: Overall tubulin structure Crystal structure showing tubulin-β (light blue) and
tubulin-α (cream) as they form a heterodimer (left). The domains of tubulin are displayed
(right), where the N-terminal (blue), intermediate (orange) and C-terminal (green) regions
are highlighted. Though tubulin-β is used as a template, these structure is similar across all
tubulins. For reference, a linear structure, denoting the sizes of each domain is also included
(bottom). The position of the tubulin subunit in relation to the microtubule (MT) is noted at
the top. Green spheres represent the GTP/GDP nucleotide. PDB ID: 6s8k

These studies split the tubulin structure into three distinct functional regions. The first 205

residues comprise the N-terminal domain, containing 6 repeats of a parallel β-strand followed

by an α-helix. The loops between each α-helix and β-strand form a Rossman fold (together

with residues from a seventh helix running through the tubulin core), responsible for mediating

interactions with the GTP nucleotide. Specifically, three loops (T2, T3 and T5) in tubulin-β
undergo conformational changes depending on the nucleotide state (Nawrotek et al., 2011).
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As the nucleotide is buried within the intradimer interface in tubulin-α, this may explain why

it is non-hydrolysable and may contribute to the dimer’s stability through a tightly bound

magnesium ion. In contrast, the nucleotide is partially exposed to the surface in tubulin-β,

providing a rationale for its ability to change states easily for the governing of tubulin dynam-

icity. However, in both tubulin-α and β, the loop between the N-terminal and the following

intermediate domain sticks out to interact with the nucleotide on the next tubulin longitudinally

(i.e. in tubulin-β, the loop binds the tubulin-α nucleotide within the heterodimer, while in tubulin-

α, it binds to the nucleotide of a tubulin-β from the next dimer along).

This intermediate domain is made up of 176 amino acids which form three helices and a mixed

β-sheet. It also contains an ‘M-loop’, which is crucial for establishing lateral contacts between

protofilaments in a microtubule, aided by a putative zinc ion (Lowe et al., 2001). Interestingly,

while contacts between residues longitudinally (both intradimerically and between tubulin

dimers) are hydrophobic or polar, lateral interactions are more electrostatic. This region also

contains a significant difference between tubulin-α and β. An S-loop between two β-strands

contains eight residues in tubulin-α (“TVVPGGDL”) which are not present in tubulin-β, leaving

a pocket of space in which the microtubule-stabilising drug taxol can bind (Snyder et al., 2001).

The final domain is the C-terminal region, which contains two helices that position themselves

on the outside of the microtubule and a tail that protrudes out. Many amino acids in this tail are

negatively charged, making it highly flexible and difficult to solve in a crystal structure. Given

its position, this region is involved in most interactions with MAPs, with the tail also being the

most subject to post-translational modifications.

Intriguingly, the overall tubulin structure is comparable not only between tubulin-α and -β in

mammals but also between species. Indeed, the bacterial protein FtsZ shares many structural

similarities to mammalian tubulin, particularly in residues that interact with nucleotides or me-

diate interactions along protofilaments (Nogales, Downing, et al., 1998). In yeast, experiments

where charged residues were mutated to alanine in either tubulin-α (Richards et al., 2000) or

β (Reijo et al., 1994) revealed that mutations on residues involved in lateral or longitudinal

interactions are the most sensitive to temperature changes. However, yeast and mammalian

tubulin structures are not perfectly identical, as Howes et al. (2017) described when they did

not observe any compaction in yeast microtubules following GTP hydrolysis.

1.1.5 Lifetime of tubulin: Folding and maintaining of cellular mass

Given how vital tubulins are for cellular structure and function, cells must ensure that newly

produced heterodimers are correctly folded. They achieve this through a complex process

involving several chaperones. G. L. Tian et al. (1995) provided insights into the initial stages

by observing that tubulin undergoes cycling with chaperonin (later described as chaperonin

containing tailless complex polypeptide-1, CCT). During this process, folding intermediates

of nascent tubulin bound to CCT are stable and can even bind to GTP, and the structure of
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tubulin in complex with chaperonin TCP-1 ring complex (TRiC) has been recently determined

(Kelly et al., 2022). Interestingly, the regions of tubulin already folded were anchored to the

wall of the ring, while the unstructured parts that still need to fold extended into the centre

space of the ring. Prefoldin, another chaperone, delivers newly synthesised tubulin from the

ribosome to CCT (Geissler et al., 1998; Vainberg et al., 1998).

Next, the tubulin-β folding pathway was defined (G. Tian et al., 1996). Once the reaction with

CCT is complete, the tubulin peptide is captured by tubulin folding cofactor A (TBCA) before

being transferred to cofactor D (TBCD). In parallel, tubulin-α binds to cofactor B (TBCB) upon

release from CCT before being passed on to cofactor E (TBCE) (G. L. Tian et al., 1997).

Subsequently, TBCD bound to tubulin-β and TBCE bound to tubulin-α come together to form

a complex. At this point, cofactor C (TBCC) can interact with this large complex and cause

the GTP in tubulin-β to become hydrolysed, releasing the newly folded heterodimer into the

cytosol.

However, this process is not linear. Unpolymerised tubulin heterodimers present in the cytosol

("free tubulin pool") can still go back into a complex with TBCE, TBCD or both, possibly leading

to heterodimer disassociation. Overexpression of TBCE or TBCD in cells impacts the tubulin

pool and microtubule architecture. Furthermore, ADP-ribosylation factor-like 2 (ARL2), a small

GTPase, can prevent the complex from hydrolysing the tubulin-β GTP and rescue the effects

of TBCD overexpression (Bhamidipati et al., 2000). Similarly, TBCB overexpression has a

similar effect on microtubules and can form a complex with TBCE, aiding heterodimer disas-

sociation further (Kortazar et al., 2007). Following disassociation, TBCE and TBCB can come

together and form a complex with tubulin-α, which was crystallised by Serna et al. (2015).

They also found that this dissociation is an energy-independent disruption of the intradimeric

interface as a result of the steric interaction between tubulin-β and two regions in TBCE: the

cytoskeleton-associated protein glycine-rich (CAP-Gly) domain and the leucine-rich repeat

(LRR) domain. TBCB and TBCE both have ubiquitin-like domains, uncovering a mechanism in

which heterodimers in the tubulin pool can become degraded. A study has recently attempted

to exploit tubulin degradation to address the problem of resistance to chemotherapy, which

uses proteolysis-targeting chimaeras (PROTACs) that link ligands binding to tubulin with ones

binding to E3 ligase (Gasic et al., 2020).

This pathway becomes even more important when considering how critical it is for cells to

maintain tubulin homeostasis. Studies in yeast have determined excess tubulin-β in the free

tubulin pool to be toxic, where it aggregates and results in cell death. In contrast, these effects

were not observed upon overexpressing tubulin-α or both tubulins simultaneously (Katz et al.,

1990; Weinstein & Solomon, 1990). Examples of how cells prevent these outcomes have also

emerged, including how stathmins can form a complex with tubulins (each stathmin molecule

capable of binding to two tubulin heterodimers) to sequester them away from the free tubulin

pool (Jourdain et al., 1997).
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Still, cells not only control global tubulin mass by regulating the activity and degradation of

tubulin but also by preventing new tubulin heterodimers from being synthesised. Benzeev et

al. (1979) were the first to detect less tubulin mRNA when the levels of unpolymerised tubulin

in the cytosol were increased. Subsequent studies throughout the following decade first ruled

out that this decrease is not linked to transcription (Cleveland & Havercroft, 1983; Cleveland et

al., 1981), before uncovering that it is instead due to autoregulation within the first exon (Gay

et al., 1987), and then this was then narrowed down to the MREI sequence at the N-terminus

of tubulin-β (Yen et al., 1988).

The question regarding how this motif leads to autoregulation of the free tubulin pool has

remained an open question until recently. Gasic et al. (2019) started addressing this by

screening which genes were differentially expressed upon microtubule damage (increasing

the tubulin levels in the free tubulin pool), revealing that proteins in the PI3K pathway may

be involved in the process. A subsequent study identified Tetratricopeptide Repeat Domain

5 (TTC5) to bind to emerging tubulin chains from the ribosome, and these interactions were

deemed critical for tubulin autoregulation. Furthermore, knocking out TTC5 in HeLa cells in-

creases the time in which mitosis occurs and the rate of errors during chromosome alignment.

These effects were rescued by exogenously expressing wild-type TTC5 but not mutants that

disrupt the interactions with the ribosome or the emerging tubulin polypeptide (Lin et al., 2020).

1.1.6 Microtubules interact with a wide range of proteins

Microtubule function heavily relies upon their interaction with microtubule-associated proteins

(MAPs). These were first described by Sloboda et al. (1975), who identified proteins co-

purified with tubulin after multiple rounds of polymerisation and depolymerisation. Broadly,

MAPs can be classed depending on how they bind to microtubules.

Molecular motors

The first are motor proteins, which use microtubules as tracks, traversing from one part of the

cell to another. These include members in the kinesin superfamily, typically dimers where both

subunits contain a globular motor domain that enables them to "walk" across microtubules, a

process dependent on ATP hydrolysis (Scholey et al., 1989). The first kinesin was described

by Allen et al. (1982), and many more have been discovered since then, to the point that

they needed further classification. While all proteins in kinesin families 1-12 have their motor

domain at the N-terminus and move towards the plus end, this domain is at the C-terminus for

kinesin-14 family proteins, which instead move towards the minus end. The kinesin-13 family

consists of proteins that depolymerise microtubules rather than move across them (Lawrence

et al., 2004).

Although dynein is comparable to kinesin-14 motors in that it also moves towards microtubule

minus ends, it is a much larger complex (Paschal & Vallee, 1987). Each dynein comprises a
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couple of heavy chains (both have ATP-hydrolysing motor domains), a couple of intermediate

chains, and three light chains, among other components. For it to be able to walk across

microtubules, dynactin and other adaptor proteins are needed to release it from its auto-

inhibited conformation (Schlager et al., 2014). Dynein motor domains are unrelated to the

ones found in kinesins, but they share similar microtubule-binding sites. Both motors position

themselves above the intradimeric region of polymerised tubulin dimers, where electrostatic

interactions occur between positive residues on the motor protein binding sites and the neg-

ative C-terminal region exposed on microtubule surfaces (Carter et al., 2008; Redwine et al.,

2012).

Non-motor MAPs with globular microtubule-binding domains

The calponin homology (CH) domain is common across many non-motor MAPs that bind

to microtubules through globular domains. One such example is end-binding (EB) proteins,

which interact with tubulins that have just been incorporated into a growing plus or minus

microtubule end (Bieling et al., 2007; Hayashi & Ikura, 2003) and cause compaction of the

microtubule lattice (LaFrance et al., 2022). EBs bind to four adjacent heterodimers in the same

site as doublecortin (Maurer et al., 2012), a neuronal MAP which has roles in nucleating and

stabilising microtubules (Moores et al., 2006). Other MAPs with globular microtubule-binding

domains include: (i) NDC80 and NUF2, involved in connecting microtubules to chromosomes

during mitosis, and (ii) calmodulin-regulated spectrin-associated protein (CAMSAP), which

regulates minus-end microtubule dynamics to coordinate networks of microtubules that do

not emanate from centrosomes, and (iii) protein regulator of cytokinesis 1 (PRC1), a dimer

important for cross-linking microtubules, especially during mitosis (reviewed in (Manka &

Moores, 2018)).

Non-motor MAPs with linear binding motifs

MAPs binding to microtubules via linear motifs include TPX2, which binds to microtubule

walls at ’ridges’ between protofilaments and ’wedges’ between dimers along a protofilament

(R. Zhang et al., 2017). Tau proteins also lack globular domains. These were among the first

MAPs to be identified (Lee et al., 1988) and have roles in stabilising microtubules in neurons

and regulating their dynamics. Although finding their binding site proved challenging due to

large sections of tau being disordered, tubulin-binding motifs were discovered as conserved

repeats. Like TPX2, tau binds across protofilament ridges (Kellogg et al., 2018), but tau

proteins have also been found in the lumen, binding to the inner surface of microtubules (Kar

et al., 2003). Many more intraluminal MAPs have since been identified (Cuveillier et al., 2020;

Soppina et al., 2012; X. L. Wang et al., 2021), and they can access the microtubule lumen

through different mechanisms. They can bind to tubulin dimers at the plus end where the

microtubule would grow around them or, especially in the case of smaller intraluminal MAPs,
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diffuse through openings either at the microtubule ends or gaps within the microtubule wall

(Coombes et al., 2016; Nihongaki et al., 2021).

1.1.7 Microtubules play multiple crucial roles during mitosis

Given the extent of mechanical stress that microtubules can withstand and their dynamic

nature, it is unsurprising that cells rely heavily on them for segregating chromosomes during

mitosis. During eukaryotic metaphase, microtubules coordinate in a spindle-like architecture

to assist the aligning of chromosomes to the cell’s centre (metaphase plate), positioned

equidistantly between two poles. These poles have centrosomes, so microtubules nucleate

here, and their plus ends extend outwards during growth (T. Mitchison & Kirschner, 1984b).

Sister chromatids of the aligned chromosomes are split apart in anaphase as microtubules

mediate the pulling of chromatids towards opposite spindle poles (reviewed in Forth & Kapoor,

2017).

For cells to achieve this chromosomal segregation successfully, different microtubules carry

out specific roles and can be classed accordingly. The plus ends of microtubules attach to

chromosomes via kinetochores, which are assemblies containing many proteins around the

centromere, and are hubs for several microtubule-binding proteins and other cell division

regulators (McDonald et al., 1992). Hence, microtubules linking spindle poles to these kin-

etochores are called K-fibres and, in mammals, typically come together in bundles of around

25 microtubules per kinetochore (McEwen et al., 1998).

The mechanical integrity of K-fibres, and the position of the mitotic spindle, are heavily regu-

lated by the action of kinesins that cross-link microtubules together. The most crucial kinesin

cross-linker is Eg5, a member of the kinesin-5 family, which forms a tetramer capable of sliding

anti-parallel microtubules apart (Kashina et al., 1996; Sawin et al., 1992). Its inhibition leads

to the mitotic spindles becoming monopolar, leading to the observation that Eg5 generates

outward pushing forces that allow spindle poles to separate at the onset of mitosis (Blangy

et al., 1995; Kapoor et al., 2000). Another notable kinesin in mitosis is the kinesin-12 Kif15,

which cross-links bundled microtubules together, allowing them to withstand and mediate the

forces generated while pulling sister chromatids apart (Begley et al., 2021). Curiously, both

kinesins can cooperate, with Kif15 able to instigate the assembly of the bipolar spindle when

the activity of Eg5 is depleted (Tanenbaum et al., 2009).

Interpolar microtubules also emanate from spindle poles towards the spindle mid-zone but do

not attach to kinetochores. Some form anti-parallel cross-links with microtubules from the

opposite spindle pole and densely pack the metaphase plate (Mastronarde et al., 1993).

However, shorter interpolar microtubules may be used as tracks for chromosome-carrying

kinesins to keep chromosomes packed together (Cai et al., 2009). The most recently identified

class is bridging fibres, which link two K-fibres attached to opposing sister chromatids to

balance opposing spindle poles’ forces on kinetochores (Kajtez et al., 2016).
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Microtubules extending from centrosomes to the cell cortex, rather than towards the spindle

mid-zone, are called astral microtubules. While these microtubules can assist in capturing

chromosomes to usher them into the metaphase plate (Hayden et al., 1990), they also have

roles in controlling the position of the spindle itself, which is especially vital during asymmetric

cell division (Grill et al., 2003). A complex of NuMA-LGN targets dynein to the cell cortex,

where it can capture nearby astral microtubules and exert pulling forces on the spindle through

its minus-end directed motion (Kiyomitsu & Cheeseman, 2012). A further study using a light-

inducible system successfully oriented the spindle based on where on the cell membrane

they artificially tethered NuMA to (Okumura et al., 2018). Other motors also contribute to

regulating the spindle position, with one example being the kinesin-8 Kif18b, a processive

kinesin-8 motor which accumulates at microtubule plus ends (McHugh et al., 2018). However,

astral microtubules do not require molecular motors to form (Holy et al., 1997).

1.1.8 Tubulin isotypes through evolution

The essentiality of tubulins and their homologues throughout evolution provides further evid-

ence of how vital they are for cellular function.

FtsZ, a bacterial protein, only shares around 10-18% sequence identity with human tubulins,

but secondary structure predictions showed that their structures are similar with comparable

folds and ratios of helices to sheets (de Pereda et al., 1996). Their structural homology

was confirmed when their structures were finally crystallised (Lowe & Amos, 1998; Nogales,

Downing, et al., 1998). FtsZ is essential for cell survival, where deleting the FtsZ gene blocks

division at an early stage (Pla et al., 1991).

In eukaryotes, organisms possess multiple tubulin genes, arising through gene duplication

events, resulting in tubulin species that henceforth will be referred to as isotypes (Findeisen et

al., 2014). In yeast, three exist: Tub1 and Tub3 are tubulin-α isotypes, while Tub2 is tubulin-β.

Tub1, but not Tub3, is essential for yeast growth, but deleting Tub3 results in other defects to

yeast viability. Interestingly, overexpressing either gene suppresses the effects of a deletion

of the other (Schatz et al., 1986). Tub2, on the other hand, shares over 70% sequence

homology to mammalian tubulin-β, and disrupting the gene is lethal (Neff et al., 1983). Subtle

yet notable differences between yeast and human tubulins are present, explaining variations

in microtubule dynamics, but their overall structures are markedly similar (Howes et al., 2017).

Likewise, comparisons between tubulin isotypes in humans and Caenorhabditis Elegans (a

nematode model organism) can be drawn. However, this organism contains more tubulin

isotypes than yeast, with nine tubulin-α and six tubulin-β genes (reviewed in (Y. M. Lu &

Zheng, 2022)). The core structure of the tubulin dimer is broadly similar to mammals, but their

microtubules can grow more rapidly and have non-canonical lattices with 11 or 12 protofila-

ments each (Chaaban et al., 2018).
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In mice, tubulin-α and tubulin-β each have eight isotypes, while humans have one more of

both (excluding pseudogenes) (Tweedie et al., 2021). Mouse tubulins can share up to 99%

sequence identity with humans, and this metric between tubulins in the same subfamily ranges

from 76 to almost 100% (where they are almost identical) (Hausrat et al., 2021). A study using

CRISPR to delete three tubulin isotypes found that the loss of Tuba1a is lethal, deeming it

necessary for brain development. However, mice that lack Tubb2a or Tubb2b survive and are

fertile but display mild malformations in the brain cortex (discussed further in section 1.2.1).

Furthermore, losing either tubulin-β gene does not alter the total level of tubulin-β protein,

indicating that functional redundancy may occur between tubulin-β isotypes (Bittermann et

al., 2019). In humans and presumably other mammals, cell types express isotypes at different

levels, enabling them to achieve their specific functions. This process is a way specific cells

can fine-tune microtubules, allowing them to adjust their ‘tubulin code’ (reviewed in (Janke &

Magiera, 2020)) and will be explored further in section 1.2.

Tubulin-γ is also conserved through species, though there are fewer isotypes than tubulin-α
and β per organism. For instance, yeast and C. elegans both have one tubulin-γ each, and its

loss is lethal in yeast (Stearns et al., 1991), while depleting it in C. elegans results in defects

leading to polyploidy (Bobinnec et al., 2000). Likewise, mammals have two tubulin-γ genes,

where Tubg1 knock-out mice are not viable, while mice lacking Tubg2 are still viable and able

to reproduce. However, Vinopal et al. (2012) found that tubulin-γ 2 can substitute for tubulin-

γ 1 in human cells, suggesting that the difference in phenotypes following their respective

knockouts in mice is instead due to a lack of tubulin-γ 2 expression at the early stages of

developing mouse embryo.

Other members of the tubulin family have also been identified: tubulin-δ and ε. Both localise to

centrosomes in human cells, where tubulin-δ and ε localise to the centriole and pericentriolar

material respectively (Chang & Stearns, 2000). Across species, loss of function mutations

of either of these tubulins has various defects on mitosis and ciliary function (reviewed in

(Stathatos et al., 2021)).

1.1.9 Post-translational modifications across tubulins

Once expressed as protein, tubulins are subject to post-translational modifications (PTMs),

of which a complex spectrum can exist. Moreover, many of these are reversible, meaning

the original sidechain can be restored. Because of this, cells can regulate the expression of

enzymes that catalyse reactions in either direction to control the chemical states of tubulin

post-translationally in a transient and cell-specific manner. This feature (along with regulating

isotype expression) is a mechanism in which cells can adjust and customise their ‘tubulin

code’ to achieve their specific functions (reviewed in (Janke & Magiera, 2020)) and will be

discussed further in section 1.2.
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Many PTMs are focussed on the C-terminal tails of tubulin that stick out of the microtubule.

For instance, the terminal tyrosine residue in tubulin-α can be removed by enzymes called

vasohibins (Nieuwenhuis et al., 2017). In turn, detyrosinated tubulin-α can be subject to

cytosolic carboxypeptidases (CCPs), which catalyse the removal of one or two glutamate

residues at the end of the tail, generating ∆2 and ∆3-tubulin respectively (Kimura et al.,

2010). Conversely, tubulin tyrosine ligases (TTLs) can add the original tyrosine back, and

these enzymes are so specific that this is not possible with ∆2-tubulin (Prota et al., 2013).

Interestingly, not all tubulin-α isotypes have a C-terminal tyrosine, with TUBα4A lacking the C-

terminal tyrosine altogether and TUBα8 having phenylalanine instead. Hence, TUBα8 cannot

be modified this way, which may have a functional role in differentiation during early brain

development (Ramos et al., 2020).

Other C-terminal tail PTMs take advantage of the many glutamates on the tail. The γ-carboxyl

groups of glutamate residues can be modified, adding another glutamate or glycine chain

that branches out from the tail. These, in turn, can be elongated to lengthy side chains of

glutamates or glycines in a process known as polyglutamylation or polyglycylation, respect-

ively (Redeker et al., 1994; Rüdiger et al., 1992). Therefore, several combinations can occur,

with mass spectrometry detecting up to 34 glycyl units per tubulin molecule. Enzymes in the

tubulin-tyrosine ligase-like (TTLL) family work together to generate this diversity, as they have

individual specificities for tubulin-α and β and distinct preferences for initiating or elongating

side chains (van Dijk et al., 2007). CCPs can also remove glutamates from these side chains

(Tort et al., 2014), though no enzymes catalysing glycine removal have been identified so far.

Regulating the expression of specific TTLLs and CCPs enables distinct cell types to control

the precise nature of how these side chains decorate their microtubules to their needs.

Not all tubulin PTMs are contained to their C-terminal tails, however. Akin to polyglutamyl-

ation and polyglycylation, polyamination can occur on the Q15 residue in tubulin-β, where

polyamine chains would extend out into the microtubule lumen, stabilising them (Song et al.,

2013). Multiple phosphorylation sites on tubulin-α and β have been reported as substrates for

different kinases (Akiyama et al., 1986; Fourest-Lieuvin et al., 2005; Peters et al., 1996). Inter-

estingly, some of these phosphorylation events inhibit tubulin from microtubule incorporation,

which is also the case with the acetylation of tubulin-β at the K252 position (Chu et al., 2011).

In contrast, acetylation of tubulin-α at K40 stabilises microtubules by altering their mechanical

properties to withstand damage from repeated bending, extending their lifetime (Portran et al.,

2017). Furthermore, depletion of the enzyme that acetylates tubulin at K40, α-TAT1, leads to

more microtubule breakages in human cells (Xu et al., 2017). During mitosis and cytokinesis,

the tubulin-α K40 can be methylated instead (I. Y. Park et al., 2016). Through the literature,

other tubulin PTMs reported include ubiquitination (Q. Wang et al., 2019) and sumoylation

(Rosas-Acosta et al., 2005).
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1.2 Tubulin in specialised tissues: Roles and pathogenicity

1.2.1 The neural network

Microtubule organisation and function in neurons

First observed by Santiago Ramón y Cajal in the late 1800s (Garcia-Lopez et al., 2010),

neurons are the fundamental components of the nervous system. Essentially, they allow

external stimuli to be sensed as electrical signals, which can be transmitted and relayed.

These signals are processed and can be used to send instructions to effectors (such as

muscles) as responses to environmental cues. Neurons receive signals from their dendrites

and transmit them to others through their axons (both of which project out from the cell

body) and rely heavily on the microtubule cytoskeleton for both of these processes to occur

efficiently.

Microtubule polarity is central to these processes. In axons, microtubule plus ends face to-

wards the tips of the extensions (plus-end-out), while orientation in dendrites varies between

species. Minus ends point towards dendrite tips (minus-end-out) in Drosophila and Caen-

orhabditis Elegans, but polarity is mixed in mammals (Stone et al., 2008; Yau et al., 2016).

Dynein is the main driver of polarity in axons, sorting microtubules by carrying minus-end-

out microtubules towards the cell body, but this mechanism also depends on the activity of a

kinesin and a microtubule cross-linker such as TRIM46 (Rao et al., 2017). Axonal microtubules

are not anchored to microtubule organising centres, with nucleation instead favouring the

branched Augmin-γ-TURC pathway (as described in section 1.1.3), establishing microtubule

polarity further (Sánchez-Huertas et al., 2016).

Akin to cell types discussed later in this section, neurons take full advantage of the tubulin

code to customise microtubule properties for their specific functions. An example of this fine-

tuning is the enrichment of K40 acetylation of microtubules in sensory neurons, increasing

membrane stiffness for efficiently detecting touch and pain (Morley et al., 2016). Moreover,

molecular trafficking is vital for the maintenance of axons and dendrites, with dyneins and

kinesins carrying cargoes containing many vital cellular components such as neurotransmit-

ters and receptor vesicles to their correct locations (reviewed in (Hirokawa et al., 2010)).

Microtubule polarity and modifications are imperative for directing neuronal transport, where

microtubules facing the same direction with similar modifications can bundle together and

influence molecular trafficking. This phenomenon is evidenced by motors selectively moving

across microtubules with specific orientations or modifications, such as kinesin-1 favouring

acetylated microtubules and kinesin-3 preferring microtubules that have been tyrosinated

(Kapitein et al., 2010; Tas et al., 2017).
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Tubulin mutations in neuronal disorders

The importance of specific microtubule functions to neurons is highlighted by the extensive

links between mutations in several tubulin isotypes and neurodevelopmental diseases. These

isotypes include TUBα1A, TUBβ2A, TUBβ2B, TUBβ3, TUBβ4A, TUBβ5 and TUBγ1 (Bahi-

Buisson et al., 2014; Breuss et al., 2012; Brock et al., 2018; Cushion et al., 2014; Erro et al.,

2015), where pathogenic phenotypes are collectively referred to as malformations of cortical

development (MCDs). MCDs are a group of disorders that vary depending on clinical features

observed in patients and were also the first diseases to be attributed to tubulin mutations,

commonly referred to as ’tubulinopathies’.

One such malformation is microcephaly ("small brain"), which is characterised by a reduced

head size (Gilmore & Walsh, 2013). Studies on WDR62 mutations, a spindle pole protein also

linked to microcephaly, have suggested that this stems from a cell fate defect, where radial

glia (neuronal stem cells) favour asymmetric division earlier in development (Nicholas et al.,

2010). As this produces a radial glial cell and a neuroblast (cell committed to differentiating

into a neuron), rather than two radial glial cells during symmetric division (Noctor et al.,

2001), the overall population of neurons throughout development is decreased, leading to

the microcephaly phenotype.

After asymmetric division, newly established neurons need to migrate radially away from

the progenitors they differentiated from and beyond previously formed neurons as the brain

expands (reviewed in (Rahimi-Balaei et al., 2018)). Impaired migration results in lissencephaly

("smooth brain"), where fewer folds and ridges (known as gyri) in the brain cortex are present.

Variations of this disease include pachygyria ("fewer ridges"), which is a less severe form,

and microlissencephaly, which combines the clinical features of both lissencephaly and mi-

crocephaly (Bahi-Buisson et al., 2014; Fallet-Bianco et al., 2014). Conversely, neuronal over

migration during the same stage of development leads to smaller but more numerous folds in

the brain and is so termed polymicrogyria ("many small ridges") (Jaglin et al., 2009). Several

tubulin mutations have also been linked to hypomyelination and atrophy of basal ganglia and

cerebellum (H-ABC), characterised by the loss of myelin (observed as white matter) and

deterioration of specific regions of the brain in childhood, manifesting as intellectual disability

and motor degradation (Miyatake et al., 2014; Simons et al., 2013).

Tubulins have also been implicated in neurodegenerative diseases where patients only present

symptoms later in life. However, only a few mutations have been identified so far. These in-

clude TUBα4A mutations linked to familial amyotrophic lateral sclerosis, a progressive disease

where upper and lower motor neurons degrade over time, causing weakness and ultimately

loss of muscle control. These mutations also alter microtubule dynamics and polymerisation,

destabilising microtubule networks (Smith et al., 2014). In tubulin-β, some TUBβ3 mutations

have been associated with a later-onset motility disorder (Tischfield et al., 2010). Curiously,

a TUBβ4A R2G mutation linked to dystonia – a disorder characterised by involuntary muscle
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contractions (Hersheson et al., 2013) – occurs at the same residue as two other mutations

(R2W and R2Q) in the same isotype linked to H-ABC (Hamilton et al., 2014). Notably, this

residue is part of the MREI important for tubulin autoregulation (discussed in section 1.1.5),

further emphasising the importance of tubulin homeostasis.

1.2.2 Cilia microtubule structure and ciliopathies

Most differentiated cells contain cilia – organelles that take the shape of hair-like projec-

tions emanating from the cell body. They were observed many decades ago across several

cell types, including retinal photoreceptors, neurons, respiratory epithelia, and kidney cells

(De Robertis, 1956; Rieke et al., 1987; Satir, 1968; Webber & Lee, 1975). Depending on their

function, cells can have one primary cilium or multiple motile cilia that beat in tandem, such as

the cells lining different mucosal tracts for clearing. However, both motile and non-motile cilia

have sensory and signalling functions that enable cells to relay information about their outside

environment (reviewed in (Bloodgood, 2010)).

Axonemes form the basis of cilia. These are comprised of microtubules arranged in a defined

doublet structure, first described by Warner and Satir (1973). Doublets typically consist of

an A-tubule, with all 13 protofilaments fused to a shorter, incomplete B-tubule with 10 pro-

tofilaments (Sui & Downing, 2006). Axonemal microtubules emanate from the basal body,

a structure at the base of cilia which, together with an adjacent daughter centriole, acts as

a modified centrosome (Sorokin, 1962). In motile cilia, microtubules are arranged in a 9+2

formation, with 9 microtubule doublets surrounding a central complex containing a pair of

complete 13-protofilament microtubules (9+2). In contrast, primary cilia lack this central pair

(9+0). While microtubule inner proteins help doublets maintain ciliary structure (Ichikawa et

al., 2017), motile cilia also have distinct structural elements, including inner and outer ‘arms’ of

dynein-containing complexes (able to slide microtubules during motility), radial spokes (con-

necting doublets to the central complex) and nexins (linking neighbouring doublets) (Nicastro

et al., 2006), as Fig. 1.3 shows.

Cilia are an excellent example of cells using the tubulin code to tailor microtubules accord-

ing to their function. Studies in mammals using antibodies for specific isotypes detected a

strong expression of TUBβ4 (but could not distinguish between TUBβ4A and TUBβ4B), some

expression of TUBβ1 and little to no expression of TUBβ2 and TUBβ3 across several types

of ciliated cells (Jensen-Smith et al., 2003; Renthal et al., 1993). Furthermore, axonemal

microtubules are subject to a range of post-translational modifications (PTMs), with many

enzymes catalysing these changes linked to diseases related to cilia termed ’ciliopathies’

(reviewed in (He et al., 2020)). For example, the distribution of tyrosination in microtubules

impacts cilia formation (Müller et al., 2022). Tubulins in cilia also undergo polyglutamylation

and polyglcylation, and, interestingly, an equilibrium exists between these two modifications.

Notably, an absence of TTLL3 (a glycylase) in mice leads to cilia hyperglutamylation and,
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Figure 1.3: Microtubule structure in cilia Cilia are made up of microtubule-based
axonemes emanating from basal bodies, which constitute a modified centriole together
with a daughter centriole (left). The cross section of across the axoneme of a motile clium
(right) is also shown. Microtubules are arranged a 9+2 configuration, where 9 microtubule
doublets (highlighted centre) surround a pair of complete microtubules which form the central
complex. Neighbouring doublets are joined through nexins, while radial spokes connect
doublets to the central complex. Inner and outer dynein arms slide microtubules to generate
mechanical force during motility. Created using BioRender.com

ultimately, photoreceptor degeneration (Bosch Grau et al., 2017). Moreover, inner and outer

dynein arms mutations are linked to primary ciliary dyskinesia (PCD). In this disease, motile

cilia are dysfunctional, with symptoms including various respiratory defects (such as chronic

coughs, inflammation, and frequent infections), situs inversus (where organs are arranged in a

mirror image of healthy patients), ear illnesses and infertility (Fassad et al., 2018; O’Callaghan

et al., 2011).

Compared to other cell types discussed in this chapter, the link between mutations of tubulin

isotypes and ciliopathies is not well-defined. Two mutations in the R391 residue in TUBβ4B

(R391C and R391H) have been associated with leber congenital amaurosis (LCA), a neuro-

degenerative disease affecting photoreceptor cells (Luscan et al., 2017). Though this study

failed to find evidence of these mutations affecting cilia dysfunction, they impair microtubule

dynamics, and LCA is still classified as a ciliopathy (Waters & Beales, 2011). Given the current

links between ciliopathies and the activity of MAPs and tubulin-modifying enzymes, one may

expect the identification of mutations in tubulins directly associated with ciliary disease in the

near future.
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1.2.3 Meiosis, oocyte maturation and female infertility

During human reproduction, a sperm cell needs to fuse with an oocyte at a specific matur-

ation stage for fertilisation to occur successfully, where it undergoes two phases of meiosis

(Edwards et al., 1969; R. Li & Albertini, 2013). First, chromosomal duplication (with 4N DNA

content) occurs before the oocyte is arrested in the prophase I stage as a germinal vesicle

(GV). Subsequently, the oocyte starts to mature following GV breakdown, after which the first

asymmetric division (meiosis I) occurs, where a daughter cell containing half the DNA content

(2N) is extruded as a polar body. Then, a second division (meiosis II) is initiated, but the oocyte

arrests again in metaphase II until fertilisation (Kubiak et al., 1993). From there, the second

asymmetric division concludes, and half the oocyte DNA content (1N) is extruded once again

as a second polar body before the newly formed haploid can form a zygote.

Many differences exist between the architecture of mitotic and meiotic spindles. One example

involves spindle assembly arising through the self-organisation of microtubule organising

centres which is not dependent on centrosomes (Schuh & Ellenberg, 2007). Furthermore,

in meiotic prometaphase, chromosomes congress in a belt-like arrangement, undergoing

multiple rounds of error correction before aligning across the metaphase plate (Kitajima et

al., 2011).

Again, the tubulin code plays a crucial role in regulating microtubule function during oocyte

maturation. In mouse oocyte spindles, microtubules on the cortical side (attached to chromo-

somes eventually exuded as spindle bodies) are heavily tyrosinated, with the opposite side de-

tyrosinated (Akera et al., 2017). This asymmetry promotes interactions that prevent "selfish"

centromeres from attaching to the spindle’s cortical side of the spindle (Laloraya, 2018).

Moreover, tubulin K40 acetylation is a marker for oocyte ageing, and increased modified

tubulin disrupts chromosome organisation (L. Zhang et al., 2014).

TUBβ8 is the only abundant tubulin-β isotype in oocytes at the GV, MI (metaphase I) and

MII (metaphase II) stages and has little to no expression in other tissues outside of the

early development of the embryo (Feng, Sang, et al., 2016). The reason why TUBβ8 is

expressed in female meiosis over other isotypes is still unanswered. Nonetheless, many

mutations in TUBβ8 have been linked to female infertility. While most of the first mutations

identified were reported in women of Asian origin (B. B. Chen et al., 2019), pathogenic TUBβ8

mutations have also been found in patients of non-Asian ethnicity (Lanuza-López et al., 2020).

Though variation was present between patients, the observed phenotypes included absent

or disorganised spindle formation, lack of spindle body extrusion, abnormal fertilisation and,

if fertilisation successfully occurred, early embryonic arrest (Yao et al., 2022). Interestingly,

abnormalities in microtubule morphology were observed following the incorporation of FLAG-

tagged mutant tubulin in HeLa cells (Feng, Sang, et al., 2016; Feng, Yan, et al., 2016).

Emerging evidence from increasing genome sequencing data indicates tubulin mutations can

cause infertility.
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1.2.4 Platelets: Marginal band formation and thrombocytopaenia

Blood platelets are responsible for stopping bleeding through their ability to clot. Platelets are

small fragments without a nucleus produced by megakaryocytes, which are large polyploid

cells. They differentiate from haematopoietic stem cells (HSCs) through an extensive process,

including multiple rounds of endomitosis (reviewed in (Mazzi et al., 2018)). In the bone marrow

and lungs, megakaryocytes mature and extend cytoplasmic protrusions – known as proplate-

lets – through an endothelial barrier leading to now fully matured platelets being released

into the bloodstream. Microtubules mediate these processes (Bornert et al., 2021; Junt et al.,

2007).

The first observations of microtubules in megakaryocytes were made in the late 1960s (Behnke,

1969). However, their role in platelet biogenesis was not further investigated until much later,

following the development of megakaryocyte cultures that enable a more detailed study of

their differentiation. Adding microtubule stabilising agents such as taxol to these cultures

result in thick proplatelets, while drugs such as nocodazole, which depolymerise microtubules,

impair their formation (Tablin et al., 1990). Through proplatelet formation, microtubules favour

acentrosomal nucleation and congregate close to the plasma membrane, infiltrating proplate-

lets as they form. Here, microtubules start to form bundles which, with the aid of a sliding

mechanism dependent on dynein, cause proplatelets to extend. Eventually, this mechanism

causes the microtubules to loop and coil towards the end of the proplatelet protrusion, forming

a structure known as the marginal band (Bender et al., 2015; Patel et al., 2005). The marginal

band provides a structural scaffold to platelets even after they are released into circulation,

allowing them to adopt a discoid-like shape maintained throughout their lifetime (White &

Rao, 1998). Their discoid shape allows platelets to flow near endothelial cell walls to monitor

vascular integrity. The marginal band also provides enough flexibility to allow platelets to pass

through narrow capillaries.

As megakaryocytes mature, the expression of TUBα4A, TUBα8 and TUBβ1 increase, with

TUBβ1 being the predominant tubulin-β isotype in platelets (Burkhart et al., 2012; Strassel

et al., 2019). Intriguingly, microtubules in CHO cells overexpressing TUBβ1 showed curved

and stable microtubule arrays localised close to the cell cortex (Yang et al., 2011). Further-

more, computational models comparing TUBα1A and TUBα8 reveal that TUBα8 has a more

negative (and hence less cooperative) charge distribution in the H1-S2 loop. As this region

interacts with the M-loop of tubulin dimer in adjacent protofilaments forming lateral contact,

this difference is predicted to contribute to observations of TUBα8-containing microtubules

having more curvature than TUBα1A (Belvindrah et al., 2017). Both these studies indicate that

the isotype composition of developing megakaryocytes may influence microtubule dynamics

in a way that aids platelet biogenesis, providing another example of how cells take advantage

of the tubulin code to carry out their specific function.
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The importance of these tubulin isotypes in platelet production is also reflected in their patho-

physiology. Patients with bleeding disorders have harboured tubulin mutations, where clinical

features include low platelet counts (thrombocytopaenia) and where the platelets observed

in some cases are abnormally large (macrothrombocytopaenia). TUBβ1 has been the most

heavily linked isotype with these phenotypes. Indeed, several TUBβ1 disease-causing muta-

tions have been found, where most of these mutations are missense (Burley et al., 2018;

Kunishima et al., 2009, 2014). However, recent studies have also identified a macrothrombo-

cytopaenia patient carrying a double missense mutation in TUBα4A (Strassel et al., 2019),

and six novel mutations in TUBα8 linked to mild thrombocytopaenia (Kimmerlin et al., 2022).

These new links between tubulins and bleeding disorders indicate that our understanding of

the underlying mechanisms at play might be improved in the coming years.

1.2.5 Tubulins in cancer

As a tumour develops, cancer cells within it rapidly divide before cells start to migrate and

metastasise. During growth, cancer cells increase the expression of many tubulins, enabling

the cell to undergo mitosis more frequently. These isotypes include, but are not limited to,

TUBα1B, TUBα1C, TUBβ3, TUBβ1, TUBβ3 TUBβ4B and TUBβ5 (C. Lu et al., 2013; Nami &

Wang, 2018; J. Wang et al., 2017). While tubulin overexpression may not be the origin of cells

becoming cancerous, their activity is pivotal for cancers to thrive. Interestingly, W. W. Wang

et al. (2017) found that, in breast cancer, mutations in TUBβ1, TUBβ2A and TUBβ4B result

in the mutant tubulin bearing more structural similarities to TUBβ3. This finding indicates that

the tubulin isotype composition in cancer cells can be fine-tuned to give cancer cells specific

advantages.

Remarkably, the dependence of cancer cells on tubulins has been exploited for clinical pur-

poses. For instance, TUBα1C and TUBβ3 have proven to be valuable biomarkers for the

prognosis of specific cancer types (Levallet et al., 2012; J. Wang et al., 2017). However,

drugs targeting microtubules as a therapeutic strategy to tackle cancer have been in use

for much longer. As early as the 1970s, the tumour-suppressing ability of a drug isolated

from western yew trees, named taxol, was reported (Wani et al., 1971). Subsequent studies

revealed its mechanism of action, with Schiff and Horwitz (1980) finding that taxol blocks HeLa

cells in mitosis, stabilising microtubules, and Kumar (1981) reporting that taxol could promote

microtubule polymerisation in the absence of MAPs. Then, once the tubulin structure was

solved using crystallography, the exact taxol binding site was located: a loop (B9-B10) in the

tubulin-β intermediate domain (Snyder et al., 2001).

Currently, taxols are widely used as an anti-cancer agent (reviewed in (Gallego-Jara et al.,

2020)). However, mutations across multiple tubulin isotypes have also been linked to resist-

ance to taxol activity (Gökmen-Polar et al., 2005; Martello et al., 2003; Yin et al., 2010). While

these mutations are not strictly pathogenic as they merely prevent the efficient treatment of
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cancer rather than cause it, they are yet another instance in which tubulin mutations are

clinically significant.

1.2.6 Disease mechanisms in tubulin pathogenicity

Pathogenic mutations have different structural and functional impacts on the proteins they

occur in, such as perturbing critical interactions or impeding protein assembly altogether. In

turn, a mutation’s effects on a protein level influence the observed phenotype and perhaps

even the severity of symptoms. Therefore, elucidating how mutations affect protein function is

imperative for understanding the underlying molecular mechanisms.

In the context of tubulin, very few pathogenic mutations are not of dominant inheritance. These

are a recessive missense mutation (R215C) in TUBα3E linked to microlissencephaly (Alazami

et al., 2015), a recessive splice-interfering intron deletion in TUBα8 leading to polymicrogyria

(Abdollahi et al., 2009) and a homozygous internal 7-amino acid deletion or premature trun-

cation in TUBβ8 (Feng, Yan, et al., 2016). Along with a slight truncation linked to ALS in

TUBα4A (Smith et al., 2014), these mutations contain the only examples of pathogenic tubulin

mutations that are not missense, which involve substituting one amino acid for another.

These cases, however, pale in comparison to the volume of dominant pathogenic missense

mutations reported across tubulin isotypes. Furthermore, given the absence of dominant

disease-related protein null mutations, it is unlikely that tubulin pathogenicity is simply due

to the prevention of functional protein being produced from the mutant allele (known as

haploinsufficiency). However, mutations can cause a partial loss of function (hypomorphic).

Indeed, this may be the case for mutations disrupting interactions between mutant protein and

tubulin chaperones and would hence prevent heterodimer formation, as discussed in section

1.1.5 (Fig. 1.4A). This mechanism has already been proposed for multiple TUBα1A variants

linked to malformations of cortical development (G. L. Tian et al., 2010) and suggests that

disease could arise through a partial loss of function.

Other pathogenic mechanisms have also been proposed, including effects described as a gain

of function or dominant-negative (Backwell & Marsh, 2022). Gain of function mutations would

result in mutant tubulin still being able to heterodimerise and incorporate into microtubules to

some extent, but its presence causes microtubules to exhibit different properties (Fig. 1.4B).

One such example is the pathogenic T178M mutation in TUBβ2A and TUBβ3, which alters

the GTP-binding site and is reported to make microtubules more stable (K. Park et al., 2021).

Alternatively, pathogenic mutations could be dominant-negative (Backwell & Marsh, 2022),

where the incorporation of mutant tubulin into microtubules disrupts their function. Multiple

studies have put forward this idea after observing pathogenic tubulin mutations assembling

into microtubules and perturbing their dynamics (Cushion et al., 2014; Ti et al., 2016; Tischfield

et al., 2010), (Fig. 1.4B). Dominant-negative mutations could also disrupt MAP interactions
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(Fig. 1.4C), as Niwa et al. (2013) discovered mutations which change the microtubule surface’s

negatively charged nature, reducing the binding of kinesins and consequently disrupting ax-

onal transport. In both the gain of function and dominant-negative mechanisms, the presence

of several mutant subunits throughout a microtubule would compound its effects, meaning the

knock-on effects on the cell, in general, could be more profound. Still, what features determine

which mechanism a given tubulin mutation causes pathogenicity, and how these can be used

and predicted for diagnostic purposes remains an open question.

Figure 1.4: Potential pathogenic mechanisms Mutant tubulin could give rise to pathogenic
phenotypes on a cellular level through preventing the its folding or the formation of the
heterodimer (A). Alternatively, the mutation still allows for the heterodimer to form and
be incorporated into microtubules. Here, mutant dimers can alter microtubule properties,
perhaps through gain of function or loss of dynamics (B), or disrupt the binding of microtubule
associated proteins (C).
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1.3 Computational methods for predicting the effect of mutations

on proteins

Given the frequency of pathogenic tubulin mutations being identified, it is impossible to char-

acterise them all experimentally. To fully understand how they give rise to disease, it is neces-

sary to use computational methods to evaluate mutations in a high-throughput approach and

predict those most likely to lead to disease. This section will discuss current bioinformatics

approaches – from databases useful for identifying pathogenic and putatively neutral variants

to tools predicting mutation structural impact and pathogenic likelihood.

1.3.1 Mutation Databases: Uses and Considerations

For predictors to be thoroughly tested in their ability to discern pathogenic mutations from

ones occurring in individuals with no adverse effect, it is advantageous to identify as many

neutral and pathogenic variants as possible.

Many databases are available for identifying mutations linked to disease for a given gene,

including the online mendelian inheritance in man (OMIM) (Online Mendelian Inheritance in

Man, OMIM®., 2019) and ClinVar (Landrum et al., 2018). Mutations listed in OMIM have

more detailed annotations, including functional effects of mutations (i.e. loss of function, gain

of function or dominant-negative). However, ClinVar is more comprehensive, featuring variants

directly submitted by researchers, requiring them to classify new entries into clinical categories

(pathogenic, likely pathogenic, likely benign, benign or uncertain significance) (“Improving

databases for human variation”, 2016). Interestingly, Pham and Morrissette (2019) launched

a database providing information on mutations in tubulin across species. Apart from patho-

genic mutations, the database also includes variants linked to chemoresistance and ones

highlighted from experimentally derived data (such as screens). Still, the list is not exhaustive

regarding pathogenic tubulin mutations. So, combining all the databases discussed and liter-

ature searching is the best strategy to achieve the most comprehensive collection possible.

The most extensive and widely used database for identifying variants present within healthy

individuals is the Genome Aggregation Database (Karczewski et al., 2019). Interestingly,

gnomAD also provides missense constraint metric (MCM) scores for each gene. Using the

expected number of sequence variations (derived from sequence context) and the actual num-

ber of neutral variants observed, MCM scores indicate how tolerant each gene is to changes

to the amino acid sequence. Other beneficial features include allelic frequency (allowing the

filtering out of rare variants), per-base expression scores (how likely the variant is to occur

in an exon that is widely expressed) and variant co-occurrence (the likelihood of two specific

variants occurring in the same individual) (Gudmundsson et al., 2022).

However, as with any database, limitations are present, meaning that specific considerations

must be made when interpreting analyses of gnomAD mutations. While European individuals
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are over-represented, perhaps the most significant weakness is the limited information on par-

ticipant sex and age and hence lack of ability to filter variants according to these parameters.

Considering this weakness is particularly important when interpreting data from genes linked

to diseases which are sex-linked (such as female infertility) or late onset (such as neurodegen-

erative diseases). Presumably, participants that fall outside the range of potentially affected

individuals (i.e. males in the case of female infertility and young people in the context of late-

onset diseases) would still be included, even though they may harbour pathogenic mutations.

1.3.2 Structural destabilisation predictors

One way to identify pathogenic mutations is using computational protein stability predictors.

This approach works on the assumption that most pathogenic mutations are detrimental to

protein structure on some level. These programs estimate how mutations alter interactions

within the folded protein, giving scores as values of change in Gibbs free energy (∆∆G). Their

input features include models derived from experimental data and metrics measuring various

physical characteristics of protein structures (Gerasimavicius et al., 2020).

Several computational protein stability predictors have emerged, including FoldX (Delgado

et al., 2019) and DynaMut (Rodrigues et al., 2018). A study evaluating the ability of 13

structural predictors to distinguish between disease-causing and putatively neutral variants

deemed FoldX to be the most successful. However, these predictors also missed the correct

classification of many pathogenic mutations and were still outperformed by VEPs (discussed

in section 1.3.3) (Gerasimavicius et al., 2020).

The defining characteristic setting FoldX apart from other structural predictors is likely the

range of structural environments covered within the mutations used to train and validate

the prediction model (Guerois et al., 2002). Indeed, while not being particularly useful for

detecting pathogenic mutations just yet, FoldX has been used extensively in the field of

protein engineering and design (Buß et al., 2018) and for evaluating candidates for clinically

relevant mutations, with one example in tubulin being tubulin-β mutation, R306C, linked to

taxol resistance (Verma & Ramanathan, 2015).

1.3.3 The utility of variant effect predictors

The growing spectrum of diseases attributed to tubulin mutations reinforces the value of

computational approaches in distinguishing between pathogenic missense mutations and

benign variants. Due to the vast potential of clinical applications in detecting disease-related

mutations, many machine-learning methods have been employed for this task and are known

as variant effect predictors (VEPs). These use several input features to generate a score

predicting the phenotypic effect of a given mutation. While methods generally achieve this

by assessing the variation and conservation between many related sequences, many also
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supplement this by adding new features to include structural information, biophysical amino

acid properties, epigenetic data, or annotations about protein biological functions (Thusberg

et al., 2011).

VEPs can be grouped by how they make predictions. Supervised VEPs are trained against

examples of benign and pathogenic mutations (where structural information may also be

integrated). In contrast, unsupervised methods make predictions based solely on defined

input parameters. A third category, metapredictors, amalgamate scores from other methods,

possibly including methods from other VEPs as distinct features (Livesey & Marsh, 2020).

The differences between these VEPs can explain differences in their performance, especially

concerning the problem of overtraining. As supervised VEPs have already seen examples of

pathogenic mutations during training, it may be likely that some of these mutations may also

be present in the mutation sets used to test their performance. This problem is compounded

with metapredictors due to their amalgamation of scores (Grimm et al., 2015).

For the most part, these predictors perform well, especially when compared to in vivo exper-

imental techniques such as deep mutational scanning, with VEPs such as DeepSequence

(unsupervised) and REVEL (metapredictor) among the top-ranking (Livesey & Marsh, 2020).

Nevertheless, while VEPs are beneficial for indicating a mutation’s likelihood to cause disease,

they provide minuscule information on which molecular mechanisms might be responsible.

Indeed, differing mechanisms of pathogenicity appear to be a weak point for not only VEPs but

also structural stability prediction. A recent study classified genes according to their reported

pathogenic mechanisms and found that mutations not linked to loss of function (i.e., dominant-

negative or gain of function) occur at different structural locations and have different predicted

effects on protein stability. Furthermore, VEP performance is markedly worse at identifying

mutations not linked to loss of function (Gerasimavicius et al., 2022). Since the mechanisms

of pathogenic mutations in tubulins can differ, even in the same isotype (Breuss et al., 2012),

they may prove to be a ’blindspot’ for current VEPs.
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1.4 Project aims

Members of the tubulin superfamily of proteins have pivotal roles in cellular division and trans-

port while assisting specialised cells to achieve their specific functions. Hence, it is no surprise

that many tubulin mutations have been linked to disease, where pathogenic phenotypes range

from neurodevelopmental disorders to female infertility. However, the mechanisms that dictate

how these mutations give rise to disease often remain unclear. This project aims to dissect

the molecular mechanisms underlying tubulin pathogenicity.

First, I used bioinformatics approaches to compare isotype expression, sequence conserva-

tion and the evolutionary constraint on neutral variants. Then, I evaluated the ability of distinct

tubulin isotypes to incorporate into microtubules in vivo. Through this work, I comprehensively

described the effect of differentially tagging distinct isotypes with fluorescent proteins, provid-

ing a basis for examining the effect of tubulin mutations on the formation of the heterodimer

and microtubule incorporation.

In the next chapter, I evaluated the performance of current structural and computational

approaches in distinguishing between pathogenic and putatively neutral tubulin variants. I

first compared the structural locations between the two groups before assessing the ability

of protein stability and variant effect predictors to distinguish between them. I also assessed

how their performance differed between different isotypes and pathogenic phenotypes. Then,

I selected pathogenic tubulin mutations with the poorest predictions and assessed their ability

to incorporate into microtubules in vivo. Confirming that they localised to the mitotic spindle

suggests that the mutations are unlikely to be pathogenic due to a loss of function, but instead

through other mechanisms such as gain of function or dominant negative effects.

Finally, I studied a set of variants linked to a disease newly ascribed to tubulin mutations:

TUBβ4B mutations in primary ciliary dyskinesia (PCD). I expressed and purified recombinant

tubulin with and without these mutations and assessed their ability to form a stable het-

erodimer in vitro and incorporate into microtubules in vivo. Most of the tested PCD-linked

TUBβ4B mutations failed to bind to TUBα1A and showed little to no microtubule incorporation

(including P259S and P259L), where they are likely to cause disease through a loss of

function mechanism. However, this was not the case for one of the mutations studied (P358S),

indicating that this may instead have a dominant negative effect.

Overall, the work described here increases our understanding of tubulin pathogenicity, which

is often poorly understood because of its ability to give rise to disease through mechanisms

other than loss of function.



Chapter 2

Materials and methodology

2.1 Molecular biology

For the work presented in this thesis, constructs were generated where tubulin isotypes were

inserted in different vectors with or without specified mutations. The constructs used are

denoted in Table 2.1, along with the accession numbers for specific isotypes and the vector

backbone. For mammalian work, the vector backbones used originated from Cheeseman and

Desai (2005) and allowed for the expression of proteins with an N-terminal mCherry tag or a

C-terminal GFP tag.

For some constructs, an additional linker region was also inserted between the N-terminal

mCherry tag and the start of the tubulin sequence. The peptide sequence is 5’-ATGAGGAG

GGGCGCTGCCGATAGGGAAACTGAGAGGCTCCCCGGCGCACAAGGTCCGTGCAGTG-

CGGTCAGTGCGGCCAGCTCCACATTGGCCGCAGCAGCGGCCCCTCGTGCTCGGGCG-

ACCGCTGCCGCGTCCACCCTCAGCGCCACCGCCCTCGAG-3’.

For in vitro work, TUBβ4B wild-type and mutants were subcloned into the pFastbac Dual

vector. The vector contained His6-TUBα1A and TUBβ3-FLAG (Vemu et al., 2016), where

TUBβ3 was replaced with TUBβ4B wild-type or mutant. A sequence encoding a PreScis-

sion protease-cleavable FLAG tag (LEVLFQGPGGSGGDYKDDDDK) was added to the C-

terminus of TUBβ4B. Various molecular biology techniques were implemented to generate

these vectors, as specified in the remainder of this section.

Table 2.1: Constructs used for tubulin expression

mCh-TUBα1Ba NM_006082.3 pBABE-puro

mCh-Linker-TUBα1Ba NM_006082.3 pBABE-puro

mCh-Linker-TUBα1B V353Ia NM_006082.3 pBABE-puro

Construct
Tubulin Accession

no.

Vector

Backbone

Continued on next page

27
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Table 2.1: Constructs used for tubulin expression (Continued)

mCh-Linker-TUBα1B V353Ra NM_006082.3 pBABE-puro

mCh-TUBβ2Aa NM_001069.3 pcDNA5

TUBβ2A-GFPa NM_001069.3 pIC242

mCh-TUBβ3a NM_006086.4 pcDNA5

TUBβ3-GFPa NM_006086.4 pIC242

GFP-Linker-TUBβ4Aa NM_001289123.2 pIC242

mCh-TUBβ4A (No Linker)a NM_001289123.2 pcDNA5

TUBβ4A-GFPa NM_001289123.2 pIC242

TUBβ4B-GFPa NM_006088.6 pIC242

TUBβ4B-GFP L240-P249 Dupa NM_006088.6 pIC242

TUBβ4B-GFP P358Sa NM_006088.6 pIC242

TUBβ4B-GFP P259Sa NM_006088.6 pIC242

TUBβ4B-GFP P259La NM_006088.6 pIC242

mCh-TUBβ6a NM_032525.3 pcDNA5

TUBβ6-GFPa NM_032525.3 pIC242

mCh-TUBβ8a NM_177987.2 pcDNA5

TUBβ8-GFPa NM_177987.2 pIC242

TUBβ8-GFP V353Ia NM_177987.2 pIC242

TUBβ8-GFP V353Ra NM_177987.2 pIC242

TUBα1A/TUBβ4Bb NP_001257328-

NM_006088.6
pFastBac Dual

TUBα1A/TUBβ4B L240-P249 Dupb NP_001257328-

NM_006088.6
pFastBac Dual

TUBα1A/TUBβ4B P358Sb NP_001257328-

NM_006088.6
pFastBac Dual

TUBα1A/TUBβ4B P259Sb NP_001257328-

NM_006088.6
pFastBac Dual

Construct
Tubulin Accession

no.

Vector

Backbone

Continued on next page
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Table 2.1: Constructs used for tubulin expression (Continued)

TUBα1A/TUBβ4B P259Lb NP_001257328-

NM_006088.6
pFastBac Dual

Construct
Tubulin Accession

no.

Vector

Backbone

a For imaging localisation in HeLa cells
b For expression in Sf9 cells and purification for in vitro work, TUBα1A also had an

internal His tag, while TUBβ4B was C-terminally tagged with FLAG

Agarose gels were used for electrophoresis during the routine visualisation of DNA products

generated from molecular cloning reactions such as polymerase chain reactions and restric-

tion enzyme digestions. Depending on the size of DNA fragments visualised, 1% or 2%

agarose gels were made and stained with SYBR Safe (Invitrogen).

2.1.1 Polymerase chain reaction (PCR)

Inserts were amplified for insertion into the vectors specified in Table 2.1 using PCR. Phusion

high-fidelity DNA polymerase enzyme (New England Biolabs, NEB) was used to perform PCR

reactions. The following were added to the reaction mixture: 5x Phusion Buffer 10 µl, 10

mM dNTPs, 2 µl, 10 µM forward primer 2.5 µl, 10 µM reverse primer 2.5 µl, DNA template

0.5 µl, Phusion polymerase 0.5 µl and ddH2O to 50 µl. For amplifying tubulin DNA inserts,

the PCR reaction programme is as follows: 5 min at 98°C for initial denaturation, 30 cycles

of amplification (30 sec at 98°C, 45 sec at an optimised annealing temperature, 90 sec at

72°C), and 8 mins at 72°C for the final extension. For the linker amplification, the programme

was the same apart from some cycle settings (30 sec at 54°C annealing, 30 sec at 72°C).

Once they were verified to be at the expected lengths using agarose gels, reaction mixtures

were incubated with 1 µl DpnI (NEB) at 37°C for 1 hour for parental DNA digestion. PCR

products were then purified using PCR purification kits (Qiagen, 28104) as recommended by

the manufacturer.

2.1.2 Restriction enzyme digestion and ligation

All enzymes and buffers for digestion reactions were obtained from New England Biolabs

(NEB), where digests were performed per manufacturer guidelines. Reaction mixtures con-

taining enzyme, buffer and DNA were incubated at 37°C for 2-3 hours. These reactions

generate sticky ends on the vector and insert suitable for ligation. In order to prevent cut plas-

mids from re-ligating with themselves, vectors were subject to incubation with calf intestinal

phosphatase (CIP) at 37 °C for 1 hour. Digestion products were then purified by gel extraction

using QIAquick gel extraction purification kits (Qiagen, 28704), according to manufacturer

guidelines.
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Once the insert and vector were purified, ligation reactions were performed. The reaction

mixture contained 1 µl of T4 ligase enzyme (NEB), 1 µl 10x T4 ligase buffer, and made up

to 10 µl with ddH2O. This mixture also contained inserts and vectors, added at a ratio of

3:1 or 7:1, ensuring that the total reaction DNA mass totals 100-200 ng. These reactions

were typically incubated at room temperature for at least 1 hour before their transformation.

However, in some extreme cases, the mixture was incubated at 37°C for at least 3 hours.

2.1.3 Mutagenesis

Plasmids containing TUBβ4B mutations linked to primary ciliary dyskinesia, as specified in

Table 2.1, were provided by Pleasantine Mill and her lab (Institute of Genetics and Cancer,

University of Edinburgh). For mutagenesis of TUBα1B and TUBβ8 at the V353 position, the

primers used are specified in Table 2.2. While the TUBα1B sequence was used rather than

TUBα1A, where the V353I disease mutation was identified, their protein sequences are nearly

identical, with only two minor amino acid sequence differences between them (G versus S

at residue 232 and T versus S at residue 340), neither being close to V353 in the three-

dimensional structure.

Table 2.2: Primers used for mutagenesis of TUBα1B and TUBβ8 constructs at position

V353

mCherry-Linker-TUBα1B

V353I Forward
CCCCACTGGCTTCAAGATTGGCATCAACTACCA

mCherry-Linker-TUBα1B

V353I Reverse
TGGTAGTTGATGCCAATCTTGAAGCCAGTGGGG

mCherry-Linker-TUBα1B

V353R Forward
CCCCACTGGCTTCAAGCGTGGCATCAACTACCAG

mCherry-Linker-TUBα1B

V353R Reverse
CTGGTAGTTGATGCCACGCTTGAAGCCAGTGGGG

TUBβ8-GFP V353I

Forward
ACAACGTAAAAACAGCCATCTGTGACATCCCACCC

TUBβ8-GFP V353I

Reverse
GGGTGGGATGTCACAGATGGCTGTTTTTACGTTGT

TUBβ8-GFP V353R

Forward
ACAACGTAAAAACAGCCCGCTGTGACATCCCACCCC

Construct Mutagenesis primers (5’ to 3’)

Continued on next page
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Table 2.2: Primers used for mutagenesis of TUBα1B and TUBβ8 constructs at position

V353 (Continued)

TUBβ8-GFP V353R

Reverse
GGGGTGGGATGTCACAGCGGGCTGTTTTTACGTTGT

Construct Mutagenesis primers (5’ to 3’)

Site-directed mutagenesis reactions were performed with PfuUltra II fusion HS DNA poly-

merase (Agilent Technologies) in the following reaction mixture: 2.5 µl 10x PfuUltra II Buffer,

0.5 µl 100 mM dNTPs, 1 µl forward primer at 150 ng/µl, 1 µl reverse primer at 150 ng/µl, 0.5

µl template DNA at 100 ng/µl 4µl, 1 µl Pfu polymerase enzyme and made up to 25 µl using

ddH2O. Mixtures were then subject to a mutagenesis programme consisting of 30 sec at 95°C

for initial denaturation, followed by 18 amplification cycles (30 sec at 95°C, 55°C for 1 min,

68°C for 7 min 40 sec). Then, reaction mixtures were placed on ice for 2 mins and incubated

with 1 µl DpnI (NEB) at 37°C for 1 hour before being taken forward for transformation.

2.1.4 XL-10 cell transformation, overnight cultures, and plasmid minipreps

An aliquot of chemically competent XL-10 cells for each transformation reaction was trans-

ferred to ice from -70 °C and left to thaw on ice for 30 mins. Then, around 100 ng of plasmid

DNA or the total ligation mixture was added to the aliquot under sterile conditions. This mixture

was incubated on ice for 15 mins, heat shocked at 42°C for 1 min and transferred back to the

ice for 2 mins. All plasmids and vectors used were resistant to ampicillin, so mixtures were

plated onto LB Agar plates supplemented with ampicillin under sterile conditions. Plates were

placed in a 37°C incubator overnight. Single colonies were then picked, or the plates were

stored at 4°C for up to 2 weeks.

Picked colonies were inserted in sterile 15 ml round-bottom polypropylene tubes (Falcon)

containing 4 ml LB supplemented with 10 mg/ml ampicillin. Tubes were placed in 37°C shaking

incubators set at 220 rpm overnight. Then, cultures were centrifuged at 4000 rpm for 10

mins, and the supernatant was discarded. Pellets were subjected to miniprep plasmid DNA

purification, performed using QIAprep Miniprep kits (Qiagen, 27104), following manufacturer

guidelines.
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2.1.5 XL-10 competent cell preparation

Since no antibiotics could be used in this procedure, every step was carried out under strict

sterile conditions. An aliquot of commercial XL-10 Gold Ultracompetent cells (Stratagene,

200314) was streaked onto an LB agar plate with no antibiotic and incubated at 37°C overnight.

The plate was then placed at 4°C until a single colony was picked for an overnight culture,

where it was inserted in a 15 ml round-bottom polypropylene tube (Falcon) containing 4ml LB

media and placed in a 37°C shaking incubator set at 220 rpm and left overnight. Following

this, 1 ml of overnight culture was added to a glass flask containing 100 ml of LB medium.

The flask was placed inside a 37°C shaking incubator set at 220 rpm until OD600 reached 0.5.

Next, cells were transferred to 50 ml polypropylene tubes (Falcon) which were already cooled.

Cultures were left to incubate on ice for 30 mins before centrifugation at 4000 pm and 4°C

for 10 mins. The supernatant was discarded, while the pellets were gently resuspended in 30

ml of ice-cold 0.1M CaCl2 (made sterile by filtering through a 0.45 µm filter and autoclaving

before preparation) and incubated for 30 mins on ice. Again, cells were centrifuged at 4000

rpm and 4°C for 10 mins. Following supernatant removal, pellets were gently resuspended in

8 ml ice-cold 0.1M CaCl2 + 15% glycerol (also made sterile in the same way as 0.1M CaCl2).

100 µl aliquots were snap-frozen in liquid nitrogen and stored at -70°C.

2.1.6 EmBacY transformation and bacmid DNA preparation

The Bac-to-Bac System (Life Technologies, Inc.) was used to generate bacmids for bacu-

lovirus protein expression. Every step of this procedure was performed under sterile con-

ditions. Competent DH10 EmBacY cells were used for bacmid recombination, containing a

fluorescent reporter gene, the baculoviral genome and a Tn7 transposon enzyme gene. First,

100 µl aliquots of these cells were thawed on ice for 30 mins prior to adding 1 µg plasmid DNA

of specific pFastBac Dual constructs. After being left on ice for 30 mins, cells were subject to

a heat shock for 1 min at 42°C and placed back on ice for another 2 mins. Next, 900 µl

of SOC medium was added to each sample (containing cells and plasmid DNA), which was

immediately placed on a 37°C heat-shaking platform set at 900 rpm for 6-8 hours. Next, 250 µl

of each sample was plated on an LB agar plate, which also contained the following: 10 µg/ml

tetracycline, 7 µg/ml gentamycin, 50 µg/ml kanamycin, 200 µg/ml Bluo-Gal and 40 µg/ml IPTG

(for blue-white screening of successful recombinants). The plates were then placed in a 37°C

incubator for 48 hours. White colonies were picked and verified for successful recombination

by PCR amplifying using M13 forward and reverse primers and separating DNA fragments via

electrophoresis on a 1% agarose gel.
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2.1.7 Cloning Verification

From each ligation reaction, 4-8 colonies were taken forward for overnight cultures and mini-

prep purification for plasmid DNA. For diagnostic purposes, plasmids were subject to restric-

tion digestion reactions (using the same protocol as standard restriction digestion) to check

whether the original PCR product was inserted in the vector. DNA fragment sizes were then

analysed using agarose gels to verify plasmids which showed successful ligation. Verified

plasmids were then sent off for sequencing, which was carried out by Genewiz (Azenta Life

Sciences).

2.2 Cell biology and fluorescence imaging

2.2.1 Cell culture and transfection

HeLa cells were cultured and maintained in a humidified 5% CO2 atmosphere at 37°C in

DMEM supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) and 10%

Fetal Bovine Serum (Gibco). Cells were maintained and manipulated under a laminar flow

hood and checked monthly for contamination with mycoplasma (MycoAlert detection kit, Lonza).

Cells were plated on 35 mm glass-bottom microwell dishes (ibidi) for live-cell imaging. Ac-

cording to manufacturer guidelines, the Lipofectamine 3000 reagent (Invitrogen) was used

for transient transfections. 24-48 hours after transfection, cells were incubated with 20-50

nM SiR-tubulin dye (SpiroChrome) for 1-2 hours and transferred to Leibovitz L-15 medium

(ThermoFisher Scientific) before imaging.

2.2.2 Image acquisition and analysis

Images were taken using a Nikon Ti2 live imaging microscope and stored on OMERO (Gold-

berg et al., 2005), also used to measure spindle length and width manually. ImageJ was

then used to process the acquired images (Rueden et al., 2017). A region of interest was

highlighted by drawing a thick line over the spindle length observed through the Cy5 channel

(visualising SiR-tubulin), and intensity profiles were generated for this channel and the GFP

or mCherry channel (depending on the construct). These profiles were then background

subtracted using the average intensity profiles of two thinner lines on either side of the spindle.

For each cell, a two-sided Spearman’s correlation coefficient was calculated between the

fluorescent and SiR-tubulin intensity profile. OMERO was also used to calculate spindle length

and width, where the length was divided by width to calculate the spindle aspect ratio. Plots

were visualised using GraphPad Prism 9, and the software was also used to carry out Kruskal-

Wallis tests (with post hoc Dunn).
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2.3 Biochemical techniques

2.3.1 Sf9 cell culture

Spodoptera frugiperda (Sf9) cells (Novagen, 71104, 2968405) were grown suspended in Sf-

900 III serum-free medium (Thermofisher) confined within Erlenmeyer shake flasks with a

vented cap. Cells were maintained and manipulated under a laminal flow hood, and flasks

were stored on sticky mats within shaking incubators set at 27°C and 125 rpm. Cell counters

using trypan blue (Invitrogen) were used to count cells, where cultures were maintained at 1-5

x106cells/ml.

2.3.2 Transfection of Sf9 cells with bacmid DNA and virus amplification

1.5 ml of Sf9 cells at 1.5 x106 cells/ml was added per well in a 6-well dish. Still under the

laminal flow hood, reagents were added to an Eppendorf tube in the following order: 100 µl

OptiMEM (Gibco, 11058021), 1 µg Bacmid DNA, 8 µl X-tremeGENE 9 transfection reagent

(Roche, 6365779001). Before use, OptiMEM was warmed to 27°C, and the X-tremeGENE

reagent was thawed and vortexed. After gently mixing, tubes were left to incubate at room

temperature for 25 mins. Then, transfection mixtures were added dropwise to each well

containing Sf9 cells. The 6-well dishes were then wrapped in clingfilm and incubated for 3-

5 days at 27°C.

Cells were then transferred to 15 ml tubes and centrifuged at 2500 rpm for 15 mins. The

supernatant was collected (as virus S0), and the pellet was stored at -20°C for diagnostic

purposes (expression of tagged protein in cells can be verified via western blotting). Also,

virus suspensions were supplemented with 5% FBS to stabilise the virus and inactivate the

proteases present and stored at 4°C. Then, virus suspension S0 was diluted in a ratio of 1:20

to a flask containing fresh Sf9 cells at 2 x106 cells/ml and cultured in the shaking incubator

set at 27°C and 125 rpm for 5 days. Again, cells were centrifuged at 2500 rpm for 15 mins

to collect virus suspension S1. This process was repeated three times to generate virus

suspensions S2, S3 and S4. Finally, protein expression was performed by infecting fresh Sf9

cells with S4 virus suspension, also at a 1:20 virus:cells ratio. Cells were cultured in a shaking

incubator set at 27°C and 125 rpm for 60-72 hours and taken forward for protein purification.

2.3.3 Affinity purification of tagged tubulin in vitro

All steps were performed at 4°C. Following viral amplification and final infection, cell cultures

were centrifuged and 500 x g (rcf) for 15 mins. While the supernatant was discarded, pellets

were collected, washed in PBS, and frozen at -80°C. Cells were lysed through three liquid

nitrogen freeze-thaw cycles in BRB80 buffer (80 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM

EGTA) with addition of: 0.5 mM ATP, 500 mM KCl , 0.5 mM GTP, 1 mM PMSF, 1x cOmplete
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protease inhibitor tablet per 50 ml and 25 units/µl benzonase nuclease. The lysate was then

cleared by centrifugation at 20,000 x g (rcf) for 30 mins.

His-tagged TUBα1A was purified using resin containing Ni2+-NTA–agarose beads (GE Health-

care Life Sciences). The supernatant from the lysate clearing step was applied to Ni-NTA

beads pre-equilibrated with the same buffer used for lysis supplemented with 40mM imidazole.

After one hour of equilibration, this buffer was used for the first wash at three times the column

volume. Two subsequent wash steps were performed with three column volumes of BRB80

supplemented with 40 mM imidazole. Finally, his-tagged tubulin was eluted with one column

volume of 250 mM imidazole in BRB80 buffer.

For the purification of FLAG-tagged TUBβ4B, anti-FLAG G1 affinity resin (Gen Script) was

used pre-equilibrated with the buffer used for lysis. Following lysate clearing, the supernatant

was equilibrated with the resin for one hour. The resin was then washed once with lysis buffer

and twice with BRB-80, all using three column volumes. Finally, FLAG-tagged tubulin was

eluted by incubation with FLAG peptide (GenScript) at 0.25 mg/ml concentration.

In both affinity purification procedures, I generally yielded 200–500µg recombinant dimers

containing tagged tubulin per litre of Sf9 cells harvested. Also, a small volume was taken as a

sample during each step for purification validation via SDS-PAGE (see section 2.3.7).

2.3.4 Porcine tubulin preparation

The protocol for purifying porcine brain tubulin is based on a procedure described by Castoldi

and Popov (2003). At 4°C, porcine white matter and brain stems were removed with a scalpel.

Per 1 g of porcine brain collected, 1 ml of cold depolymerisation buffer (50 mM MES, 1mM

CaCl2) was added before homogenisation via a Waring blender. Then, the homogenate was

centrifuged at 21,000 rpm and 4°C for 40 mins. Of the final volume, a mixture was prepared to

consist of one-third supernatant, one-third glycerol (at 37°C), and one-third HM PIPES buffer

(1M PIPES pH 6.9, 10 mM MgCl2, 20 mM EGTA, at 37°C). The mixture also contained 1

mM GTP and 1.5 mM ATP and was incubated at 37°C for one hour to promote microtubule

polymerisation.

Next, the mixture was centrifuged at 44,000 rpm and 37°C for 30 mins. The pellets were

resuspended in cold depolymerisation buffer in a total volume of 12 ml and homogenised

for 20 strokes using a 15ml glass Dounce homogeniser. The suspension was incubated

for 30 mins on ice to induce depolymerisation before being centrifuged at 90,000 rpm and

4°C for 5 mins. Another microtubule polymerisation cycle was implemented where a mixture

containing one-third supernatant, one-third glycerol and one-third HM PIPES (supplemented

with 1 mM GTP and 1.5 mM ATP) was prepared and incubated at 37°C for 45 mins. Following

centrifugation at 90,000 rpm and 37°C for 5 mins, the pellets were resuspended in BRB-80

(80 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM EGTA) and incubated on ice for at least 20
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mins. Using A280 to measure tubulin concentration, the suspension was diluted to 5 mg/ml

tubulin in BRB80. Following a final centrifugation step at 90,000 rpm and 4°C for 5 mins, the

supernatant was snap-frozen in liquid nitrogen. Aliquots were stored at -70°C (or in long-term

cryostorage).

2.3.5 Size exclusion chromatography (SEC)

After centrifugation, the eluate following one-step affinity for FLAG-tagged tubulin was loaded

onto a Superose 6 10/300 SEC column, which separates proteins based on their size. Prior to

use, the Superose 6 column was pre-equilibrated with BRB80. As the sample passed through

the column, the absorbance of UV at 280nm was measured to produce a chromatogram.

This chromatogram can be used as an analytical profile to determine the size of any species

present, where peaks further to the right represent proteins or complexes at smaller molecular

weights. As the sample exited the column, 0.5 ml fractions were collected and analysed by

SDS-PAGE (see section 2.3.7).

2.3.6 Mass Photometry

Mass photometry produces images of single biological molecules by using the interference

between the light scattered as they non-specifically bind to a glass surface and the illuminated

light reflected from the buffer in which molecules are present. The contrast between both

measurements is proportional to molecular mass. So, this technique can be used to identify

and count the number of molecules in a solution at different molecular masses in the form of

averaged mass kernel density estimates (Fineberg et al., 2020).

Tubulin eluates following affinity purification for FLAG-tagged TUBβ4B were diluted to a final

concentration of 20-100 nM using BRB80 buffer. They were then placed inside silicone gas-

kets and mounted upon glass microscopy coverslips. The acquisition was performed using a

Refyn OneMP instrument and interpreted using Refyn AcquireMP software.

2.3.7 SDS-PAGE

SDS-PAGE (sodium dodecyl-sulfate polyacrylamide gel electrophoresis) was performed on

separating protein samples under denaturing conditions. SDS-PAGE was performed on samples

taken during affinity purification, fractions collected after size exclusion chromatography, and

samples taken forward for western blotting. Gels were casted using mini-PROTEAN gel casts

(Bio-Rad) by hand, using the following recipe: stacking (0.76 ml Tris-HCl pH 6.8, 4.3 ml ddH2O,

0.8 ml 30% acrylamide, 60 µl 10% APS, 60 µl 10% SDS and 6 µl TEMED) and 10% resolving

(2.5 ml Tris-HCl pH 8.8, 4.0 ml ddH2O, 3.3 ml 30% acrylamide, 100 µl 10% APS,100 µl

10% SDS and 10 µl TEMED). Cast gels were vertically assembled into an electrophoresis

apparatus setup and connected to a power bank (Bio-Rad).
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Before loading, samples were suspended in loading dye (where the final concentration con-

tained 62.5 mM Tris-HCl pH 6.8, 10% glycerol, 2% w/v SDS, 0.01% w/v bromophenol blue,

0.2 M DTT) and boiled for 5 mins at 95°C. After loading the cast gel, the apparatus was filled

with running buffer (final concentration 25 mM Tris, 192 mM glycine, 0.1% SDS) and sealed.

Electrophoresis was run for 50 mins at 100V. At this point, gels were either taken forward for

western blotting or stained with InstantBlue (Expedeon).

2.3.8 Western Blotting

Western blotting was performed according to standard protocols. Following SDS-PAGE (see

section 2.3.7), gels were transferred onto an Amersham Protan 0.2 µm Nitrocellulose mem-

brane (GE Healthcare, 10600004). Semi-dry transfers were performed in semi-dry transfer

buffer (48 mM Tris, 20% methanol, 39 mM Glycine) using a power blotter system (Thermo

Fisher, PB0012). After the transfer, the membranes were blocked using a blocking buffer

containing TBS-TX (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Triton X-100) supplemented

with 5% skim milk powder (Thermo Scientific, LP0031B). The membranes were then probed

using the primary antibodies in blocking buffer and incubated overnight at 4°C on a rocker.

Here, anti-FLAG (Sigma, F1804), anti-His (RayBiotech) and anti-GFP (Covance) antibodies

were used at the following dilutions 1:1000, 1:1000 and 1:5000, respectively.

Membranes were then washed 3 times with TBS-TX and probed with secondary antibodies.

These were complementary to the primary antibodies and conjugated to horse radish perox-

idase. Following incubation for one hour at room temperature and three more washes with

TBS-TX, membranes were exposed using a Pierce ECL Western blotting kit (Thermo Fisher,

32106).

2.4 Computational analyses

2.4.1 RNA tissue expression data across tissues

The Human Protein Atlas (Karlsson et al., 2021) was used for extracting tissue expression

data. Tissues were classified into organ systems as described in Table 2.3. This database

provided expression data as RNA transcripts per million protein-coding genes (pTPMs). Across

organ systems, values for pTPMs were totalled or averaged as appropriate.

Table 2.3: Classification of organ systems

Circulatory Heart muscle

Organ System Tissues

Continued on next page
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Table 2.3: Classification of organ systems (Continued)

Digestive
Duodenum, appendix, colon, esophagus, gallbladder, liver,

rectum, salivary gland, small intestine, stomach

Endocrine
Adrenal gland, pancreas, adipose tissue, parathyroid gland,

thyroid gland

Excretory Kidney, urinary bladder

Immune B-cells, dendritic cells, granulocytes, monocytes, T-cells, NK-cells

Intergumentary Skin

Lymphatic Bone marrow, lymph node, spleen, tonsil

Muscular Skeletal muscle, smooth muscle

Neural Cerebral Cortex

Reproductive

(Female)

Breast, uterine cervix, endometrium, fallopian tube, ovary,

placenta

Reproductive

(Male)
Epididymis, prostate, seminal vesicle, testis

Respiratory Lung

Organ System Tissues

2.4.2 Mutation datasets

A thorough literature search was first performed to identify as many pathogenic or likely

pathogenic missense mutations across the tubulin family as possible. While the recently

released tubulin mutation database (Pham & Morrissette, 2019) – as well as others such

as OMIM (Online Mendelian Inheritance in Man, OMIM®., 2019) and ClinVar (Landrum et

al., 2018) – were excellent starting points, mutations from other publications (especially ones

reported recently) were included (full table detailing each pathogenic mutation used includ-

ing references can be accessed in Table S1 at https://www.biorxiv.org/content/10

.1101/2022.06.16.496400v1.supplementary-material).

The literature search also uncovered a few other mutations that were incompletely dominant,

homozygous or of an unknown heritability, but these were omitted from the analysis. Any

mutations described as de novo were assumed to be heterozygous and hence also dominant.

As the underlying mechanisms with pathogenic mutations leading to cancer are likely to be

more complex (and distinct), somatic mutations linked with such phenotypes were excluded.

A set of putatively benign missense mutations for each isotype was retrieved from gnomAD

v2.1 (Karczewski et al., 2019). Mutations present in both pathogenic and gnomAD datasets

were excluded, and only isotypes with more than one pathogenic mutation were considered.
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2.4.3 Protein structural analyses

Three-dimensional models of tubulin structures were taken from the protein data bank (PDB)

on 2020.05.27, using the first biological assembly from each entry to represent its quaternary

structure. Polypeptide chains with at least 70% sequence identity to human tubulin isotype

over a stretch of at least 50 amino acid residues were identified from a search. This approach

allowed structural analysis using related structures for some isotypes for which structures are

unavailable. Importantly, mappings were only considered in residues where the amino acid in

the structure – and both adjacent residues – are the same as in the sequence of the isotype

of interest. Unless otherwise stated, all structures that satisfy this threshold were considered.

A hierarchy was implemented to determine where a residue occurred on the tubulin structure

concerning its function (Fig. 4.2). First, all structures were used to highlight residues interact-

ing with GTP (or its analogues). Then, model structures were used (Table 2.4) to determine

whether the remaining residues occur on interfaces between the corresponding subunit in the

tubulin dimer or with MAPs and other tubulin dimers in the microtubule in that specified order.

Then, residues not present on any interface were mapped to the highest resolution structure

within the dataset. Finally, these mappings were used to classify residues according to their

location, separating residues on the surface (relative solvent accessible surface area > 0.25)

from ones at the protein interior.

Once every residue was labelled, their distribution was compared between mutations in our

pathogenic and gnomAD datasets. All mutations in tubulin-α or -β were considered before

moving on to specific isotypes with at least 5 identified pathogenic missense mutations, using

PyMOL (Schrodinger, 2015) to confirm that patterns could also be observed qualitatively.

In order to further facilitate the analysis of tubulin mutations, a list is provided of all amino

acids in tubulin-α and- β that are involved in protein-protein or protein-ligand interactions

(which can be accessed in Table S6 at https://www.biorxiv.org/content/10.1101/

2022.06.16.496400v1.supplementary-material).

Structural predictions were then obtained from FoldX (Guerois et al., 2002) for pathogenic

and gnomAD variants. Next, each mutation was mapped onto the highest resolution structure

from the dataset above. Here, the ∆∆G values were calculated considering the monomer

only, as well as the whole biological assembly, in the same manner as previously described

(Gerasimavicius et al., 2020). FoldX scores were also generated for every single possible

missense mutation and ranked, where ranks for gnomAD variants could be evaluated.
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Table 2.4: Protein interactions considered for classifying structural locations

Tau 6cvn B A, C D

NUF2 3iz0 A B D, F

NDC80 3iz0 A B C, E

EBa 3jak
J, F, A, D,

M, H

K, G, B, E,

N, I
L, C

DCXb 4atu A, C, E, G B, D, F, H I

PRC1 5kmg A B C

CAMSAP 5m5c D, B E, C C

TPX2 6bjc
A, C, F, H,

L, J

B, D, G, K,

I, M
N, E

Kinesin

MTBDc 5nd7 B C A

Dynein

MTBDc 3j1t B C A

γ-TuRCd 6v6s
a, b, c, d,

e, f, g, h

A, C, E, G,

M, B, D, F,

H, S, T

Tubulin

subunitse 5jco H K
G, E, L, I, H,

K

Interacting

Partner
PDB ID

Tubulin-α
chains

Tubulin-β
chains

Tubulin-

γ chains

Partner

chains

a End-binding protein)
b Doublecortin
c Microtubule binding domain
d γ-tubulin ring complex
e For considering interactions within the tubulin dimer (intradimer) as well as lateral

or longitudinal interactions between tubulin dimers (microtubule contacts)

Note: All interactions considered between protein chains. PDB IDs and relevant

chains are detailed. Used during the hierarchy for classification used in Fig. 4.2

for distinguishing tubulin positions involved in intradimeric binding, microtubule

contacts and MAP interactions
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2.4.4 Computational variant effect predictors (VEPs)

Scores from VEPs were generated using the same pipeline described by Livesey and Marsh

(2020). Though most of the methods used failed to produce scores for the entire combined

dataset, the percentage of missing scores from each predictor did not exceed 7.8%, except for

S3D-PROF and SNPsandGO-3D, which required PDB structures as inputs. For S3D-PROF

and SNPsandGO-3D, structures with the closest sequence identity were used, which have

the following PDB IDs: 5iyz (TUBα1A), 5lxt (TUBα4A), 4tv9 (TUBβ1), 5nm5 (TUBβ2A and

TUBβ8), 4i4t (TUBβ2B), 4lnu (TUBβ3), 5jqg (TUBβ4A and TUBβ4B) and 4zol (TUBβ5).

For plotting ROC curves, mutations from the pathogenic dataset were labelled as true pos-

itives, with gnomAD variants marked as true negatives. The plots themselves, as well as

the AUC, were calculated using the PRROC package in R. Due to predictors PROVEAN,

DeepSequence, SIFT4G and BLOSUM operating via inverse metrics (i.e. variants predicted

to be more damaging have low scores), all scores were multiplied by -1 before plotting curves

and calculating AUC values. Finally, ROC AUC values were calculated globally across the

whole dataset for each VEP before generating specific VEP scores for individual isotypes.

DeepSequence scores were also generated for every single possible missense mutation and

ranked, where ranks for gnomAD variants could be evaluated.

Finally, mean cumulative distribution (MCD) rankings were calculated, where the datasets

containing prediction scores for gnomAD and pathogenic mutations were first combined.

Then, the cumulative distribution function was applied to the collective scores obtained from

each predictor using the cume_dist function from the DPLYR package on a per-VEP basis.

Each value represents the proportion of scores which are less than or equal to the one

obtained for that particular mutation from a specific VEP. Then, the cumulative distribution

scores from all VEPs were averaged for each mutation to generate the MCD score.



Chapter 3

Investigating human tubulin isotypes

using bioinformatics and

experimental techniques

3.1 Introduction

In the early 1980s, studies confirmed the existence of multiple tubulin isotypes in mammals,

where at least 4 tubulin-α and 2 tubulin-β amino acid sequences were identified from porcine

brains (Krauhs et al., 1981; Ponstingl et al., 1981). Since then, several tubulin isotypes have

been identified, where nine tubulin-α and nine tubulin-β isotypes are now known (Tweedie et

al., 2021). Their discovery raises a fundamental question: are there any functional differences

between tubulin isotypes?

Studies support this idea. Gene deletions of tubulins in mice have revealed that the loss

of Tuba1a is lethal, but not of Tubb1, Tubb2a, Tubb2b or Tubb3 (Bittermann et al., 2019;

Latremoliere et al., 2018; Schwer et al., 2001). In addition, mice lacking Tubb2a, Tubb2b and

Tubb3 show malformations in brain development, while Tubb1 loss causes defects in platelet

production. In all these studies, the cells affected show no reduction in total tubulin-β content,

indicating that it is not the levels of tubulin-β that cause pathogenesis but rather the non-

redundant function of the absent tubulin.

For elucidating how specific isotypes influence microtubule-based processes, it is essential

to establish how these isotypes differ in expression, localisation and function. The discovery

of pathogenic mutations in specific tubulin isotypes implies that these tubulins are abundant

in the affected cells. For example, the myriad of mutations across multiple tubulin-β isotypes

linked to neurodevelopment infer that these are highly expressed in the brain, but isotype

expression varies as the brain develops prenatally and postnatally (Hausrat et al., 2021).

In general, pathogenic mutations in tubulin isotypes are tissue specific. Some isotypes are

exclusively expressed in specialised cell types where they form microtubule arrays, such

as TUBβ1 in the formation of the marginal band (Kunishima et al., 2014), and TUBβ8 in

meiotic spindles (Feng, Sang, et al., 2016). Due to the high sequence conservation of tubulins

42
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observed through evolution, differences between isotypes are likely to be minor at a sequence

level but significantly impact microtubules in cells (Ti et al., 2018). Therefore, it is beneficial to

identify which isotypes are most divergent and how their differences influence microtubule

behaviour. Intriguingly, these differences can allow microtubules to adopt distinct physical

properties, mediate interactions with MAPs, or make microtubules more amenable to specific

PTMs.

However, the similarity between tubulins also presents a considerable obstacle to studying

them experimentally. Many available antibodies react to multiple tubulin isotypes, limiting the

experiments that can be performed where individual isotypes can be studied endogenously

on human cells (Hausrat et al., 2021). Tagging tubulins with fluorophores for exogenous

expression may also be tricky, as adding a C-terminal tag may influence the tail modifications,

which are pivotal for interactions with molecular motors (Sirajuddin et al., 2014). On the other

hand, the N-terminal MREI motif in tubulin-β is directly involved in autoregulation (Yen et

al., 1988), forms part of the heterodimeric interface, and is mutated in diseases with different

phenotypes (Hamilton et al., 2014; Hersheson et al., 2013). Therefore, N-terminal tags directly

preceding this motif may also influence microtubule properties.

Fluorophores have been fused to tubulin in many different model organisms, including Es-

cherichia coli, (FtsZ-GFP, (Ma et al., 1996)), Drosophila, (Grieder et al., 2000), yeast (Car-

minati & Stearns, 1997), rodents (Heidemann et al., 1999) and human cell lines (Kamath &

Jordan, 2003). These studies all fuse tubulin with GFP, along with many others performed

across species (Goodson et al., 2010). However, other fluorophores such as mCherry have

also been used in Drosophila (Goshima et al., 2007) and human cells (Shaner et al., 2004).

Across these studies, fluorophores have consistently been positioned N-terminally in tubulin-

α and C-terminally in tubulin-β. Still, especially with tubulin-β, this positioning is not ideal as it

may distort critical MAP interactions or be a confounding factor when investigating pathogenic

mutations in the C-terminal region.

Bringing all this together, the overarching hypothesis of this chapter is that tubulin isotypes

have functional differences in their behaviour despite their strong sequence similarity. I ad-

dress this notion by seeking to generate a comparative study of tubulin isotype expression and

a comprehensive toolbox of tubulin isotype reagents to study and compare their function. First,

I examined tubulin isotype expression and conservation using bioinformatic analysis. Then, I

analysed microtubule incorporation of tubulin isotypes, which also provided a foundation for

studying the effects of mutations on the ability of heterodimeric tubulin to form and polymerise.
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3.2 Results

3.2.1 Tubulin isotypes are expressed differently within tissues the human body

I started by analysing how the expression of tubulin isotypes varied in different body tissues,

as analysing these differences would inform on their links to pathogenicity. First, using the

human protein atlas (Karlsson et al., 2021), I obtained values for RNA transcripts per million

protein-coding genes (pTPMs) across various cell types. I then grouped each cell type by

organ system and calculated the mean pTPM value for each isotype (Fig. 3.1A).

Across all the tissues studied, TUBα1A and TUBα1B are by far the most widely expressed,

with the highest mean pTPM values observed in the neural system. However, substantial

amounts of TUBα1A and TUBα1B transcripts were also detected in other organ systems,

where mean pTPM values of other tubulin isotypes are markedly reduced compared to TUBα1A

and TUBα1B. So, I excluded TUBα1A and TUBα1B from the plot and adjusted the scale to

improve the visualisation of tissue expression in other tubulin isotypes (Fig. 3.1B). Here, the

highest levels of TUBβ2A, TUBβ2B, TUBβ3 and TUBβ4A RNA transcripts were all detected

in the neural system.

In contrast, TUBα1C, TUBα4A, and TUBβ6 showed moderate expression levels across many

organ systems. Similar distributions were also observed in TUBβ5, TUBγ1 and TUBγ2, though

fewer overall transcripts were detected. Compared to these isotypes, TUBβ4B expression

is relatively high in many organ systems, especially the reproductive (male and female),

integumentary (skin) and respiratory systems. Generally, TUBβ4B was the most abundant

tubulin-β isotype in the tissues comprising these organ systems. Notably, while having low

overall levels of TUBα8 expression, its distribution differs from other isotypes, where TUBα8

is primarily expressed in cardiac and muscular tissues.

Very low levels of RNA transcripts were detected in TUBα3D, TUBα3E, TUBβ1 and TUBβ8.

Therefore, I also calculated the total pTPM values across all tissues (classed by organ system)

in these isotypes (Fig. 3.1C). Most TUBα3D and TUBα3E transcripts are found in male

reproductive tissues, while some TUBβ1 transcripts were detected in immune cells. However,

tissues listed in the human protein atlas did not include megakaryocytes and platelets, where

Strassel et al. (2019) found TUBβ1 to be highly abundant. Similarly, only trace amounts

of TUBβ8 transcripts were observed in any tissue present in the human protein atlas, but

these did not contain oocytes or the early embryo, where high TUBβ8 expression has been

previously reported (Feng, Sang, et al., 2016). In summary, pathogenic mutations identified in

tubulins correlated with the expression profiles of tubulin isotypes.
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Figure 3.1: Tubulin isotypes show different levels of expression across specific cell types (A)
Values for RNA transcripts per million protein coding genes (pTPM) in several types of tissue were
collected using the human protein atlas (Karlsson et al., 2021). These tissues were grouped by organ
system, with mean pTPM values for each organ system displayed. (B) As overall pTPM values of
TUBα1A and TUBα1B were considerably higher than all isotypes, an enlarged plot without TUBα1A
and TUBα1B is shown to clearly observe expression differences between other isotypes. (C) As
miniscule expression levels of TUBα3D, TUBα3E, TUBβ1 and TUBβ8 were observed, the total pTPM
value of each isotype by organ system is displayed.
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3.2.2 Specific tubulin isotypes show more variance in sequence

Next, I investigated how tubulin isotypes differ in protein sequence conservation. First, I used

Clustal Omega (Madeira et al., 2022) to obtain multiple sequence alignments (MSAs) of

multiple tubulin-α and tubulin-β isotypes (full MSAs are shown in appendix 6.2, formatted

using ESPRIPT 3.0 (Robert & Gouet, 2014)). I then calculated the percentage identity and

similarity between the protein sequences of tubulin-α and -β isotypes from the MSAs via

the Sequence Manipulation Suite (Stothard, 2000). Here, sequence identity refers to the

percentage of amino acids which are the same at aligned positions, while sequence similarity

represents the percentage of amino acids at aligned positions which contain similar chemical

groups.

Overall, protein sequences across tubulin-α isotypes are highly conserved. Indeed, sequence

identity and similarity of at least 89.11% and 92.22%, respectively, were observed in any

tubulin-α isotype combination (Table 3.1). However, TUBα8 appears to be more divergent

than the other isotypes to a minor extent, where values of sequence identity and similarity are

consistently lower when comparing TUBα8 to any other tubulin-α isotype.

Table 3.1: Sequence identity and similiarity between human tubulin-α isotypes

TUBα1A TUBα1B TUBα1C TUBα3D TUBα3E TUBα4A TUBα8

TUBα1A 99.78 98.45 98.00 96.67 96.23 92.46

TUBα1B 99.56 98.67 97.78 96.45 96.45 92.68

TUBα1C 97.34 97.34 97.56 96.44 97.55 93.99

TUBα3D 96.90 96.45 95.56 98.67 95.33 93.33

TUBα3E 95.57 95.12 94.44 98.67 94.22 92.22

TUBα4A 95.34 95.79 95.99 93.78 92.67 93.99

TUBα8 89.36 89.36 89.76 90.22 89.11 89.76

Note: Sequence identity in brown, sequence similarity in green

Tubulin-β isotypes show more variance in their protein sequences (Table 3.2). The tubulin-β
isotypes linked to neurodevelopmental disease (i.e. TUBβ2A, TUBβ2B, TUBβ3, TUBβ4A and

TUBβ5) have highly conserved sequences, with a minimum sequence identity and similarity of

90.22% and 92.67% respectively. TUBβ3 appears slightly more divergent, reporting the smal-

lest sequence identity and similarity values across this group of isotypes (in both metrics, the

lowest values observed were between TUBβ3 and TUBβ4A). TUBβ8 sequence divergence

is more pronounced, where the closest sequence identity shared with TUBβ8 is TUBβ4A at

89.86%. However, TUBβ1 appears to be the most divergent tubulin-β isotype, with the highest

sequence identity observed being 77.61% with TUBβ4A.
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Table 3.2: Sequence identity and similiarity between human tubulin-β isotypes

TUBβ1 TUBβ2A TUBβ2B TUBβ3 TUBβ4A TUBβ4B TUBβ5 TUBβ8

TUBβ1 84.70 84.92 85.14 85.14 84.70 84.92 83.81

TUBβ2A 77.38 99.55 93.11 95.51 97.98 96.63 93.26

TUBβ2B 77.61 99.55 93.56 95.96 98.43 97.08 93.71

TUBβ3 77.16 90.44 90.67 92.67 94.00 93.56 90.00

TUBβ4A 77.61 94.16 94.61 90.22 97.08 97.07 94.59

TUBβ4B 77.38 96.40 95.85 91.78 96.63 98.65 94.83

TUBβ5 77.38 94.83 95.28 91.33 95.95 97.30 94.37

TUBβ8 76.05 87.87 88.09 84.89 89.86 89.44 88.74

Note: Sequence identity in brown, sequence similarity in green

Analysing protein sequences across tubulins revealed TUBα8, TUBβ1 and TUBβ8 to be the

most divergent tubulin isotypes. In total, isotypes with the most distinct tissue expression

profiles also show the most divergence in sequence conservation.

3.2.3 Analysis of putatively neutral tubulin variants reveals an evolutionary
constraint on specific tubulin isotypes

Next, I examined whether differences in expression and pathogenicity between human tubulin

isotypes are also reflected in their evolutionary constraint. I hypothesised that isotypes ex-

tensively linked to disease and expressed more widely would be less tolerant to mutations, as

these are more likely to be pathogenic or even lethal. In contrast, if random mutations occur in

isotypes with low global expression and few disease links, they are more likely to be neutral,

even if they are more damaging to protein structure or function.

Therefore, I decided to analyse variants found in healthy individuals. From the gnomAD v2.1

database (Karczewski et al., 2019), I identified tubulin missense mutations observed in at

least 140,000 healthy individuals. Assuming them to be “putatively benign”, I first determined

whether they are less likely to impact protein structure in each isotype. To this end, I used

FoldX, a structural predictor (Guerois et al., 2002). FoldX estimates impacts on structure as

∆∆G values in kcal/mol, where higher values represent mutations more likely to destabilise

protein folding, with absolute values showing improved performances (Gerasimavicius et al.,

2020).

For each isotype, predictions were obtained for every possible amino acid substitution and

ranked, allowing the isolation of rank scores from gnomAD variants. Because scores are

now ranked, a random group of variants should have an average of 0.5. So, mean values
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Figure 3.2: Scores predicting structural destabilisation and variant effect of putatively benign
variants reveal evolutionary constraint on specific tubulin isotypes (A)Ranks (relative to every
possible missense mutation) of absolute ∆∆G folding scores (from FoldX) of neutral variants identified
by the gnomAD database by isotype. (B) Ranks (relative to every possible mutation) of inverse
DeepSequence scores after scaling and normalisation of neutral variants identified by the gnomAD
database by isotype.

of gnomAD rank scores for each isotype were tested to see whether they are significantly

different to this value. If these were deemed significantly lower by one-sample Wilcoxon

signed rank tests, this would imply that neutral variants in the respective isotypes are less

likely to be structurally damaging than random missense mutations. Indeed, this was the

case for most isotypes tested: TUBα1A, TUBα1B, TUBα4A, TUBβ2A, TUBβ2B, TUBβ4A,

TUBβ6 and TUBβ8 and TUBγ1 (Fig. 3.2A). Interestingly, the vast majority of mutations linked

to neurodevelopment and female infertility were identified in these isotypes.

Then, I investigated whether similar patterns were observed using ranks from scores from a

variant effect predictor (VEP). Specifically, I used scores from DeepSequence (Riesselman et

al., 2018), a VEP which uses various conservation features to estimate how damaging a muta-

tion is likely to be. Once again, I obtained scores from every possible missense mutation and

ranked them. However, as output scores are in reverse, I inverted the ranks so lower values

still represent mutations predicted to be less damaging, instead calculating whether values

were significantly lower than -0.5 (Fig. 3.2B). While the mean rank of gnomAD mutations in

each isotype tested was significantly lower than this value, TUBα3E (with a mean only slightly

lower than -0.5) is markedly higher than the rest, and its p-value from one-sample Wilcoxon

tests is also much higher (p = 0.017, while the rest were p = 2.12e-10 or lower). However, only

one recessive mutation has been identified in TUBα3E, (Alazami et al., 2015), while all other

isotypes tested had several disease-associated dominant mutations or are heavily linked to

cancer. Altogether, these results indicate that variants in tubulin isotypes most extensively

linked to disease need to have limited impacts on protein stability and be less damaging to

still result in a healthy phenotype.
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3.2.4 Only tubulin-α isotypes show microtubule incorporation with an N-terminal
fluorescent tag

While isotypes showed variations in tissue expression, sequence conservation and evolution-

ary constraint, how these differences influence microtubule function is still unknown. To test

this, I studied isotypes experimentally in vivo. Here, I also investigated the effect of fluorescent

tags on the incorporation of specific tubulin isotypes into microtubules.

I generated constructs of multiple tubulin isotypes with an N-terminal mCherry tag. I then

transiently transfected these constructs in HeLa cells and imaged them live during interphase

and metaphase (Fig. 3.3). To track where microtubules are in these cells, I used a SiR-tubulin,

a fluorescent probe based on taxol, which can be imaged in the far-red channel. In interphase,

mCherry-tagged tubulin was observed arranged in a filamentous network in TUBα1B but not

in TUBβ2A, TUBβ3, TUBβ4A, TUBβ6 and TUBβ8. Instead, the localisation of the fluorescent

protein in the tubulin-β isotypes studied appeared to be diffusive.

Similar observations were also made with cells in metaphase, where the mitotic spindle is

most clearly observed. Indeed, TUBα1B showed a comparable localisation to SiR-tubulin,

indicating that this isotype has successfully incorporated into microtubules which make up

the mitotic spindle. However, all the tubulin-β isotypes examined did not show any such

localisation. Overall, these results show that tubulin-α tagged with a fluorophore at the N-

terminus is functionally incorporated into microtubules, but this is not the case for tubulin-β
isotypes. Therefore, another strategy must be implemented to study tubulin-β isotypes in vivo.

3.2.5 A linker peptide may improve microtubule incorporation of tubulin iso-
types with N-terminal fluorescent tags

Next, I sought other methods for tagging tubulin-β isotypes in vivo while retaining their func-

tion. Notably, I considered an isoform of TUBβ4A, which arises from alternative splicing of

exons 1 and 2. The resulting longer transcript variant (LTV) contains an extra 51 amino acids

(which I termed the “linker” region) at the N-terminus preceding the MREI motif at the start of

the canonical transcript variant (CTV) (Fig. 3.4A), with this motif being identical in all tubulin-β
isotypes and important for autoregulation (Yen et al., 1988).

So, I tested whether N-terminally tagging the LTV of TUBβ4A to a fluorescent protein (GFP)

shows any difference in microtubule incorporation. Transiently transfecting this construct in

HeLa cells, expression levels were generally not strong enough to observe incorporation into

interphase microtubule networks. However, this TUBβ4A construct localised to the mitotic

spindle in metaphase, matching up with images taken in the far-red channel for SiR-tubulin

(Fig. 3.4B).

To validate its utility, I also checked whether the linker disrupts the localisation of constructs

which already show localisation to the mitotic spindle. Therefore, I inserted the linker region
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Figure 3.3: Only tubulin-α isotypes show microtubule incorporation with an N-terminal
fluorescent tag Representative live-cell images of HeLa cells in interphase (top row) and metaphase
(bottom three rows) after being transfected with TUBα1B, TUBβ2A, TUBβ3, TUBβ2A, TUBβ4A, TUBβ6
and TUBβ8 constructs N-terminally tagged with mCherry (green) and incubated with SiR-tubulin (red).
Scale bars, 10µm
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between the mCherry fluorophore and TUBα1B isotype, a construct which already showed

localisation before the insertion (Fig. 3.3). Indeed, mCherry-Linker-TUBα1B is also strongly

localised to the mitotic spindle in metaphase, with a microtubule network observed in in-

terphase cells (Fig. 3.4B). These results show the potential for a linker region to improve

the incorporation of tubulin-β isotypes with N-terminal fluorescent tags in vivo.

3.2.6 Development of a workflow to quantitively analyse microtubule incorpor-
ation

Then, I sought to establish a robust method for quantifying the extent of microtubule incorpor-

ation of fluorescent tubulin. Therefore, using SiR-tubulin images taken in the far-red channel,

I took a wide linescan between spindle poles encompassing the mitotic spindle for each cell

(Fig. 3.5A). In turn, the same linescan was taken in the fluorescent protein channel (i.e. GFP or

mCherry), and both were background subtracted, where the SiR-tubulin trace typically shows

two distinct peaks (Fig. 3.5B).

Calculating the spearman correlation coefficient between these two traces provides numerical

measurements of co-localisation of the fluorescent protein to the mitotic spindle per cell.

Indeed, these values concur with qualitative observations from sections 3.2.4 and 3.2.5, where

GFP-linker-TUBβ4A and both TUBα1B constructs showed the highest correlations to SiR-

tubulin (Fig. 3.5C). Curiously, not only did N-terminally tagged tubulin-β isotypes without the

linker have markedly lower correlations, but the values appear to be more varied. Overall, the

agreement between these correlation measurements and qualitative observations describes a

workflow where localisation to the mitotic spindle can be calculated robustly. Furthermore, this

provides a platform for investigating how different tags, isotypes and even mutations impact

microtubule incorporation.

3.2.7 Tubulin-β isotypes with fluorescent C-terminal tags readily incorporate
into microtubules

Finally, I investigated whether tubulin-β isotypes are capable of incorporating into microtubules

if they instead were tagged C-terminally with GFP. Again, these constructs were transiently

transfected into HeLa cells, which were incubated with SiR-tubulin before imaging. Notably,

C-terminally tagged TUBβ2A, TUBβ3, TUBβ4A, TUBβ4B, TUBβ6 and TUBβ8 all show incor-

poration into microtubule networks of interphase cells (Fig. 3.6A).

All tubulin-β isotypes localised to the mitotic spindle (Fig. 3.6B). Compared to N-terminally

tagged fluorescent constructs without a linker (Fig. 3.5C), the correlation values are higher

and have less variation, meaning that these fluorescently tagged tubulin constructs are in-

corporated into microtubules. To summarise, these results show that C-terminal fluorescent

tags do not hinder tubulin-β isotypes from incorporating into microtubules. Therefore, tagging
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Figure 3.4: A linker peptide from a longer transcript variant (LTV) of TUBβ4A may improve
microtubule incorporation of N-terminally tagged tubulin isotypes (A) Diagram showing the
location of the linker peptide in the LTV of TUBβ4A and its insertion between the mCherry fluorphore
and TUBα1B (B) Representative live-cell images of HeLa cells in interphase (top row) and metaphase
(bottom three rows) after being transfected with GFP-linker-TUBβ4A (left) and mCherry-linker-TUBα1B
(right) and incubated with SiR-tubulin (red). Fluorescent constructs are in green in the merged image.
Scale bars, 10µm
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Figure 3.5: Quantifying co-localisation to the mitotic spindle of fluorescently tagged tubulin
constructs in HeLa cells (A) Representative live-cell images of mitotic HeLa cell after being
transfected with fluorescently tagged wild type mCherry-linker-TUBα1B (green) and incubated with
SiR-tubulin (red). Using the SiR-tubulin channel, I took a wide linescan (yellow, arrow indicating
direction of linescan along the x-axis) of the mitotic spindle and did the same for the fluorescent channel
in each cell to determine signal intensity (B). This is measured by the average background-subtracted
grey value of each point across the wide line. The two-sided spearman correlation coefficient of these
two traces along the linescan are then calculated on a cell-by-cell basis to account for differences
of intensity. (C) Spearman coefficients for cells imaged in metaphase after transfection of TUBα1B,
TUBβ2A, TUBβ3, TUBβ2A, TUBβ4A, TUBβ6 and TUBβ8 with an N-terminal mCherry tag, as well as
GFP-linker-TUBβ4A and mCherry-linker-TUBα1B. For each construct, median values are displayed
with 95% confidence intervals. Scale bars, 5µm
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tubulin-β isotypes with this approach is the most appropriate strategy for studying the effects

of mutations on microtubule incorporation in vivo.

3.3 Discussion

This chapter begins by comparing tubulin isotype expression using bioinformatics tools to start

deciphering the “tubulin code”. Specialised cells have distinct expression profiles of tubulin

isotypes that enable the formation of defined microtubule arrays tailored to meet their specific

functional requirements efficiently. Precisely how specific isotypes enable this, however, is not

entirely understood.

Specific isotypes may have different physical properties that affect microtubule function. For

example, (Pamula et al., 2016) and (Ti et al., 2018) studied microtubules made up entirely

of TUBβ2B and TUBβ3. They found that TUBβ2B microtubules contain more protofilaments

(making them wider), have altered dynamics, and are more resistant to depolymerisation by

MAPs such as MCAK and chTOG. However, distinct tubulin isotype expression profiles in

specialised cells could also impact interactions with MAPs.

Tubulin isotypes can also be differentially post-translationally modified. However, the interplay

between isotypes and PTMs in microtubule function is still not fully established, where micro-

tubules enriched for specific isotypes and PTMs may interact differently with MAPs. However,

some studies have started to address this question. Specifically, these investigate the C-

terminal domain, where most differences between tubulin isotypes occur. Moreover, the C-

terminal tail is especially susceptible to PTMs. For instance, Sirajuddin et al. (2014) examined

C-terminal tail composition and revealed that a single lysine in the TUBβ3 tail impacts kinesin-

1 motility, while a tyrosine at the tubulin-α C-terminus influences the motility of kinesin-2 and

kinesin-13.

Additionally, the tyrosine residue at the C-terminus of tubulin-α can be removed and added

back by enzymes, where the tyrosination state of microtubules is critical for many processes

such as spindle positioning (Bieling et al., 2008) and neurodevelopment (Marcos et al., 2009).

Interestingly, two tubulin-α isotypes do not contain a tyrosine at the C-terminus, TUBα4A –

though this can be added enzymatically (Cambray-Deakin & Burgoyne, 1990) – and TUBα8

– which terminates with a phenylalanine residue preventing enzymatic tyrosination (Ramos et

al., 2020). Therefore, cells can control how microtubules are modified by selectively express-

ing specific isotypes.

Curiously, TUBα8, TUBβ1 and TUBβ8 showed the most divergence in sequence conserva-

tion. These isotypes also show distinct expression profiles. Specifically, TUBα8 and TUBβ1

are highly expressed in megakaryocytes (Kimmerlin et al., 2022), while TUBβ8 is selectively

expressed in developing oocytes and early embryonic stages (Feng, Sang, et al., 2016).



3.3. Discussion 55

Figure 3.6: Tubulin-β isotypes with fluorescent C-terminal tags readily incorporate into
microtubules (A) Representative live-cell images of HeLa cells in interphase (top row) and metaphase
(bottom three rows) after being transfected with TUBβ2A, TUBβ3, TUBβ2A, TUBβ4A, TUBβ4B, TUBβ6
and TUBβ8 constructs C-terminally tagged with GFP (green) and incubated with SiR-tubulin (red). (B)
Wide linescans across the whole mitotic spindle were taken to calculate how fluorescent signal intensity
changed across the mitotic spindle compared to SiR-tubulin. For each cell, two-sided Spearman
correlations were calculated between both signal intensities. For each construct, median values are
displayed with 95% confidence intervals. Scale bars, 10µm
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The tissue-specific expression may also influence pathogenic mechanisms, where mutations

altering their divergence from other isotypes can impact their specialised function. For ex-

ample, TUBβ1 contains an arginine at position 307, while all other tubulin-β isotypes contain

a histidine (appendix 6.2). The R307H mutation in TUBβ1, which eliminates this divergence,

is associated with thrombocytopenia (low platelet count), possibly related to an alteration in

microtubule dynamics (P. Basciano et al., 2013; P. A. Basciano et al., 2015).

The abundance of TUBβ4B over other tubulin-β isotypes in tissues which depend on sensory

cilia (Toriyama & Ishii, 2021) or contain motile cilia (Hess, 2018; Leigh et al., 2019; S. Li

et al., 2017) infers that this isotype may also have some functional specificity. Here, a high

proportion of TUBβ4B may help microtubules adopt specific properties (like arranging into

doublets) or become amenable to specific PTMs, and both are highly regulated in cilia 1.1.9).

Intriguingly, though TUBβ4B shares high sequence similarity and identity to TUBβ4A, its

expression pattern across tissues is markedly different, inferring that specific cell types may

exploit even the minor differences between these two isotypes.

Microtubule incorporation of tubulin-β isotypes was observed most clearly when tagged C-

terminally and proved suitable for work presented later in this thesis. However, placing a

fluorescent tag at this position can be disadvantageous, as it is close to a highly regulated

C-terminal tail involved in MAP interactions and, hence, the tag may interfere with MAP

binding. Therefore, using fluorescently tagging tubulins C-terminally depends on the biological

question asked.

In my results, placing a fluorophore at the N-terminus of tubulin-β did not generate constructs

that showed microtubule incorporation. Potentially, since the tubulin-β N-terminus is proximal

to the heterodimer binding site, the fluorophore’s presence may be a steric hindrance and

consequently disrupt heterodimer formation. Here, a longer linker between the isotype and the

fluorophore would allow for the assembly of the tubulin heterodimer by placing the fluorophore

further away from the heterodimeric interface. Hence, the attached fluorophore would be less

likely to perturb tubulin-α and -β from binding, possibly extending into the microtubule lumen

once polymerised.

In this chapter, I used bioinformatics tools to analyse and compare tubulin isotype expres-

sion across tissues, sequence conservation and evolutionary constraint on neutral variants. I

also performed the first comprehensive study of tubulin isotype localisation while optimising

methods to image tubulin isotypes in vivo. This optimisation is beneficial for investigating

differences between isotypes and studying the effects of mutations on heterodimer formation

and microtubule incorporation.



Chapter 4

A computational analysis of

pathogenic mutations in tubulin

4.1 Introduction

A wide range of genetic disorders – called ’tubulinopathies’ – have been attributed to tubulin

mutations. Over 225 pathogenic mutations in human tubulin isotypes have been reported (see

Table 4.1). These findings highlight the importance of understanding tubulin function in differ-

ent cell types. The first reported tubulin mutations associated with pathogenic phenotypes

were found in TUBα1A, TUBβ2B, TUBβ3, and TUBβ4A and resulted in neurodevelopmental

defects (Bahi-Buisson et al., 2014). Mutations in the γ-tubulin isotype TUBγ1 – which is

necessary for microtubule nucleation – also cause a similar neurodevelopmental disorder

(Brock et al., 2018; Poirier et al., 2013).

While mutations in TUBα4A and TUBβ3 have been linked to neurodegenerative disease

(Smith et al., 2014; Tischfield et al., 2010), phenotypes outside the nervous system are now

emerging. These include TUBβ1 mutations associated with bleeding disorders (Stoupa et

al., 2018), a link between tubulin-α acetylation and reduced sperm motility (Bhagwat et al.,

2014), and TUBβ8 mutations connected with female infertility due to incorrect meiotic spindle

assembly (B. B. Chen et al., 2019).

Despite the extensive number of identified pathogenic tubulin mutations, our understanding

of the molecular mechanisms by which these mutations cause disease remains limited. The

vast majority of pathogenic tubulin mutations involve missense changes (i.e. single amino

acid residue substitutions) and have autosomal dominant inheritance. Exceptions to this are

remarkably few (see section 1.2.6) compared to the vast number of dominant missense

mutations.

The absence of any known protein null mutations in tubulins causing dominant disease is

striking and gives us indications of the underlying molecular mechanisms at play. In short,

dominant mutations cannot simply be haploinsufficiency, stemming from a lack of functional

protein, but could be attributed to a milder loss of function (hypomorphic). This may especially

pertain to mutations that disrupt interactions with tubulin chaperones (G. Tian et al., 2008).

57
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Other pathogenic tubulin mutations, however, have also been reported to act via non-loss-of-

function mechanisms, having dominant-negative effects (Aiken et al., 2020) or causing a gain

of function (K. Park et al., 2021), as discussed in detail in section 1.2.6.

With the increasing accessibility of sequencing data, novel tubulin variants are being continu-

ally discovered (Hebebrand et al., 2019). Since it is impractical to test them all experimentally,

there is a strong need for computational approaches to identify tubulin mutations most likely

to be pathogenic. Many variant effect predictors (VEPs) have been developed in recent years,

and some of these are now in widespread use to help identify mutations that potentially have

clinical significance (Livesey & Marsh, 2020). However, the performance of these predictors

can vary quite dramatically across different proteins, and there has yet been no systematic

assessment of their performance on tubulin mutations specifically. Furthermore, missense

mutations that cause pathogenicity by dominant-negative or gain-of-function mechanisms

tend to be poorly predicted by most currently available VEPs (Gerasimavicius et al., 2022),

which could potentially limit their applicability to tubulins. Therefore, it is important to un-

derstand to what extent we can rely on computational predictors when assessing tubulin

mutations.

In this chapter, I first performed a systematic survey of known pathogenic missense muta-

tions across all human tubulins and analysed their positions within the three-dimensional

structures of tubulin heterodimers. This approach allowed me to look for mutation patterns

across isotypes, structural locations, and phenotypes to obtain insight into the likely molecular

disease mechanisms. Next, I assessed the performance of several different VEPs in distin-

guishing between pathogenic and putatively benign missense variants, observing that the

predictive performance of all tested methods is poor compared to most other proteins. Finally,

I selected pathogenic tubulin mutations poorly predicted by computational approaches for

experimental characterisation and showed that the mutant proteins could be incorporated

into microtubules, consistent with a likely dominant-negative mechanism. This work suggests

that many tubulin pathogenic mutations that act via non-loss-of-function mechanisms cause

pathogenic phenotypes that cannot be explained computationally using current methods that

rely on sequence conservation or protein structure. Overall, this study highlights the need

for a greater understanding of microtubule-protein interactions to understand the molecular

mechanisms underlying tubulinopathies.
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Table 4.1: Summary of all mutations considered across the tubulin family

TUBα1A 67 680 5.584
Neuro-

developmental

Various neuropathies

(Aiken et al., 2017;

Hebebrand et al., 2019)

TUBα1B 0 696 5.412 Cancer-only

Roles in resistance to

chemotherapy (Martello

et al., 2003)

TUBα1C 0 153 2.171 Cancer-only

Identified as an

oncogene (J. Wang et al.,

2017)

TUBα3D 0 343 1.533 Non-disease

TUBα3E 0 531 -0.296 Non-disease

Only 1 homozygous

mutation known

(excluded) (Alazami et

al., 2015)

TUBα4A 7 255 3.303
Other (Neuro-

degenerative)

All linked with ALSb

(Smith et al., 2014). One

deletion mutation also

identified (excluded)

TUBα8 0 201 0.631 Non-disease

Homozygous 14bp

deletion linked with

polymicroglia (Abdollahi

et al., 2009) (excluded)

TUBβ1 6 268 0.003

Other

(Bleeding

disorders)

Linked to platelet defects

(Burley et al., 2018)

TUBβ2A 3 192 5.263
Neuro-

developmental

Simplified gyral

patterning, infantile-onset

epilepsy and progressive

spastic ataxia (Sferra et

al., 2018)

Isotype

#

patho-

genic

#

gnomAD
MCMa Phenotype

classification

References and

comments

Continued on next page
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Table 4.1: Summary of all mutations considered across the tubulin family (Continued)

TUBβ2B 29 190 5.120
Neuro-

developmental

Various neuropathies

(Bahi-Buisson et al.,

2014)

TUBβ3 24 76 4.579
Neuro-

developmental

Various neuropathies, a

few mutations associated

with milder phenotypes

(Tischfield et al., 2010;

Whitman et al., 2016)

TUBβ4A 38 198 4.262
Neuro-

developmental

Mostly H-ABCcand

Hypomyelination, some

less severe and a few

linked with dystonia

(Curiel et al., 2017;

Hersheson et al., 2013)

TUBβ4B 2 201 4.498
Other

(Sensory)

Linked heavily with

cancer (W. W. Wang et

al., 2017). Two mutations

have been linked to a

sensorineural

neurodegenerative

disease impairing vision

(Luscan et al., 2017)

TUBβ5 7 198 5.625
Neuro-

developmental

Various neuropathies,

mostly severe (Breuss et

al., 2012)

TUBβ6 1 74 2.637
Neuro-

developmental

Linked with

non-progressive

congenital facial palsy

(Fazeli et al., 2017)

TUBβ8 35 464 1.860
Other (Female

infertility)

Linked to oocyte

maturation defects

(B. B. Chen et al., 2019)

Isotype

#

patho-

genic

#

gnomAD
MCMa Phenotype

classification

References and

comments

Continued on next page
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Table 4.1: Summary of all mutations considered across the tubulin family (Continued)

TUBβ8B 0 228 -2.372 Non-disease

TUBγ1 8 57 4.155
Neuro-

developmental

All linked to cortical

development

malformations, one of

unknown inheritance

(Poirier et al., 2013)

(excluded). Two deletions

also cause a lack of

centrosome localisation

(Leask & Stearns, 1998)

TUBγ2 0 113 2.443 Non-disease

Isotype

#

patho-

genic

#

gnomAD
MCMa Phenotype

classification

References and

comments

a Missense Constraint Metric (Z-Score obtained from gnomAD)
b Amyotrophic Lateral Sclerosis
c Hypomyelination with Atrophy of Basal ganglia and Cerebellum

Note: The amount (#) of dominant pathogenic mutations identified for each isotype

is denoted, as well as their pathogenicity classification. Where necessary, additional

comments about the pathogenicity type and references for all mutations are included
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4.2 Results

4.2.1 Survey of tubulin missense mutations

First, I compiled as many previously identified pathogenic or likely pathogenic dominant tubulin

missense mutations as possible, using online databases (Landrum et al., 2018; Pham &

Morrissette, 2019) and extensive literature searching. In addition, I also identified missense

variants in tubulin genes observed across >140,000 people from the gnomAD v2.1 database

(Karczewski et al., 2019). Given that the gnomAD dataset comprises mostly healthy individu-

als without severe genetic disorders, these variants are unlikely to cause dominant disease,

and I therefore refer to them as "putatively benign". However, some of these variants could

have milder effects, variable penetrance, or be associated with late-onset disease. Table 4.1

shows the numbers of pathogenic and gnomAD missense variants for each tubulin isotype

and the associated type of genetic disease. Somatic mutations in tubulins are also implicated

in cancer development; however, these mutations are likely to provide a selective advantage

to cancer cells by providing resistance to chemotherapeutic drugs (Huzil et al., 2007; Nami

& Wang, 2018; A. L. Parker et al., 2017). Hence these mutations might obscure results and

have not been included in this work, although two isotypes have links to cancer but other

disease-related mutations have been identified yet (Table 4.1). While pathogenic mutations

occur throughout the tubulin family, mutations in both tubulin-α and -β show clustering towards

the intermediate and C-terminal domains when shown in the context of the linear amino acid

sequence (Fig. 4.1).

Figure 4.1: Occurrence of pathogenic mutations in tubulin Number of pathogenic mutations
identified in tubulin according to the residue position for tubulin-α (A) and β (B). The N-terminal,
Intermediate and C-terminal domains are also denoted at the bottom for guidance

I also considered the gene-level missense constraint metric (MCM) scores provided by the

gnomAD database (Table 4.1). These are derived from a model based on sequence context

to predict the number of expected variants present in a healthy population relative to the

number of actual variants observed (Lek et al., 2016). They provide a metric for the tolerance

of each isotype to missense variation, with higher values representing genes that are more
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intolerant to amino acid sequence changes. Interestingly, I observed high MCM scores for

isotypes linked with neurodevelopmental disorders (TUBα1A, TUBβ2A, TUBβ2B, TUBβ3,

TUBβ4A and TUBβ5). TUBβ6 is the only exception, and has only one pathogenic mutation

reported so far, causing congenital facial palsy. These scores contrast with the much lower

scores observed for TUBβ1 and TUBβ8, associated with platelet defects (Burley et al., 2018;

Kunishima et al., 2009, 2014; Lecine et al., 2000; D. Wang et al., 1986) and female infertility

(B. B. Chen et al., 2017, 2019; Feng, Sang, et al., 2016; Feng, Yan, et al., 2016; Huang et

al., 2017; Xiang et al., 2018), respectively, which suggest that they are much more tolerant to

sequence variation. Overall, this analysis indicates there is a stronger sequence constraint in

the human population for tubulin isotypes that contribute to neurodevelopment. This may be

due to the selective pressure of the process, compared to tubulin isotypes expressed in cells

that affect organism fitness to a lesser extent.

4.2.2 Protein structural context is of limited utility for explaining tubulin muta-
tion pathogenicity

Next, I mapped all variants to three-dimensional structures of tubulins in the Protein Data Bank

(PDB). I classified each mutation-carrying residue from every tubulin isotype based upon its

structural location: whether it occurs at an intermolecular interface, on the protein surface,

or buried in the protein interior. I used a hierarchy to classify structural locations (Fig. 4.2).

First, given that GTP binding (and hydrolysis for tubulin-β) is essential, I classified residues on

the GTP nucleotide binding site as ’GTP binding’. Other tubulin mutations occurring at inter-

molecular interfaces were classified into three categories depending on where they occur in

the model structures (described in section 2.4.3): at the intradimer interface, at an interdimeric

interface (which I refer to as microtubule contacts, as they support lateral and longitudinal

interactions with microtubules), or at interfaces with MAPs. Remaining mutations not at inter-

face positions were then classified depending on whether they were on the protein interior or

surface according to relative solvent accessible surface area (Levy, 2010). Finally, I labelled

any residues that were not present in any ordered part of any experimentally derived tubulin

structures as ’outside of structure’. These typically occurred in the disordered C-terminal

region, or at positions of divergence between the sequences of mapped structures and the

tubulin isotype in question. Notably, while several gnomAD variants occurred at ’outside of

structure’ positions, this was true for only a single pathogenic mutation: R307H in TUBβ1.

Interestingly, all other tubulin-β isotypes have a histidine at this position, explaining why the

residue could not be mapped the pipeline used, as the wild-type amino acid residue needs to

be present in the structure.

First, I used this classification system to assess whether tubulin mutations are enriched at

particular locations. Despite the large dataset size, no significant differences in the locations

of pathogenic or putatively benign gnomAD mutations were found across tubulin-α isotypes
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Figure 4.2: Diagram of hierarchy used to classify structural locations Schematic illustrating the
hierarchy used for classification of structural locations, indicating where all structures with 70% protein
sequence identity or where specific model structures were used (specified in section 2.4.3

collectively (Fig. 4.3A) or in any tubulin-α isotype individually (Fig. 4.3B). This result was

surprising given that the link between TUBα1A and disease remains the most well-established

of all tubulin isotypes, with 67 pathogenic variants linked with various neurodevelopmental de-

fects (Hebebrand et al., 2019). Observations were similar for TUBα4A, the only other tubulin-

α isotype with dominant pathogenic mutations (Fig. 4.3B) (Smith et al., 2014). Furthermore,

pathogenic mutations in both isotypes showed no obvious patterns or spatial clustering when

visualised within the protein structure (Fig. 4.4).

In contrast to tubulin-α, I observed a significant enrichment of pathogenic tubulin-β mutations

relative to gnomAD variants at GTP binding residues and at lateral or longitudinal (i.e. in-

terdimeric) microtubule contacts (Fig. 4.3A), especially in TUBβ2B and TUBβ4A (Fig. 4.3B).

Mutations in these isotypes have been extensively linked to neuronal defects, and can be

observed to form spatial clusters on tubulin structures (Fig. 4.4). In contrast, putatively benign

gnomAD variants are significantly more likely to occur on the protein surface or at ’outside of

structure’ positions (Fig. 4.3B). TUBβ3 and TUBβ5 are also linked to similar disease phen-

otypes, but do not show any notable differences in structural location (Bahi-Buisson et al.,

2014; Breuss et al., 2012; Cushion et al., 2013; Erro et al., 2015; Romaniello et al., 2017).

Interestingly, I found no significant differences in structural location in tubulin-β isotypes as-

sociated with diseases outside the neuronal system (Fig. 4.3B), nor did pathogenic mutations

show any clear patterns or clustering at the three-dimensional structure level (Fig. 4.4). I did,
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Figure 4.3: Comparison of the distribution of structural locations between pathogenic and
putatively benign tubulin variants The proportion of pathogenic and putatively benign mutations
in each location type in tubulin-α, β and γ globally (A) and in isotypes with at least 5 pathogenic
mutations (B). Mutation totals for each group are shown at the bottom. The same location key is used
and denoted. Fisher’s exact tests were used to compare frequencies between gnomAD and pathogenic
mutations considering each family and isotype separately. Asterisks indicate a location class with a
significantly higher proportion of mutations compared to its corresponding group, where * p < 0.05, **
p < 0.01, *** p < 0.001, **** p < 0.0001.

however, note that many TUBβ1 variants occurred at ’outside of structure’ residues (Fig. 4.3B).

This is due primarily to the greater sequence divergence between TUBβ1 and experimentally

determined tubulin structures, as any positions where the TUBβ1 sequence is different than

the aligned positions within the available structures will remain unmapped using this approach.

The centrosome-localised TUBγ1 has also been associated with neurodevelopmental disease

(Brock et al., 2018; Poirier et al., 2013). Using the crystal structure of TUBγ1 containing two

molecules per asymmetric unit (PDB ID: 3CB2) (Rice et al., 2008), I observed that 4 out of

8 pathogenic mutations identified so far occur at interfaces responsible for lateral interactions

between TUBγ1 monomers (Figs. 4.3 and 4.4, labelled in magenta). These interactions may

occur between adjacent TUBγ1 chains within γ-TURC (Wieczorek et al., 2020). Their distri-

bution was not significantly different to gnomAD variants, although there currently is a small

sample size.
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Figure 4.4: Visualisation of pathogenic tubulin mutations on three-dimensional structures of
tubulin heterodimers Structures of tubulin isotypes with at least 5 identified pathogenic mutations.
Coloured residues indicate pathogenic mutations according to their location. The position of the tubulin
subunit in relation to the microtubule (MT) is noted at the top. Residues in red denote mutations
buried in the protein interior, while light cyan residues are on the structure’s surface. Green residues
indicate mutations occurring at GTP binding interfaces, while ones in magenta highlight residues on
intradimer interfaces. Similarly, navy blue and yellow residues mark mutations on residues interacting
with microtubule associating proteins (MAPs) and other tubulin dimers, respectively. PDB IDs: 6s8k
(for all tubulin-α and β isotypes) and 3cb2 (for TUBγ1).
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Figure 4.5: Comparison of predicted changes in protein stability between pathogenic and
putatively benign tubulin variants ∆∆G values calculating the change in free energy for folding were
calculated with FoldX considering the structure of the monomeric subunit only. Scores are shown for
tubulin-α and β families globally (A) and in isotypes with at least 5 identified pathogenic mutations (B).
Maroon diamonds indicate the mean ∆∆G score, and mutation totals for each group are also shown at
the bottom. The p-values displayed were obtained via unpaired Wilcoxon tests

4.2.3 Most pathogenic tubulin mutations are not highly disruptive to protein
structure

I then considered the predicted structural perturbations of pathogenic and putatively benign

gnomAD missense variants using FoldX (Guerois et al., 2002). This outputs a ∆∆G value, in

units of kcal/mol, with positive values indicating that a mutation is likely to destabilise protein

structure and negative values indicating predicted stabilisation. Computationally predicted

∆∆G values can sometimes show considerable utility for the identification of pathogenic mis-

sense mutations, and for understanding likely molecular disease mechanisms (Gerasimavi-

cius et al., 2020).

Interestingly, I observe no significant differences between the ∆∆G values of pathogenic and

gnomAD missense variants for tubulin-α, -β or -γ (Fig. 4.5A). Of the individual isotypes, only

TUBβ2B shows significantly higher ∆∆G values for pathogenic mutations (p = 0.01), although

this would not remain significant when accounting for multiple testing (Fig. 4.5B). I initially used

∆∆G values that only consider the structural impact of variants on the monomer alone, as they

are more consistent between structures. However, I also observed very similar results using

the full ∆∆G values calculated using the entire complex, including intermolecular interactions,

as well as when using absolute ∆∆G values (Fig. 4.6).

These results suggest that the structural destabilisation is not a primary molecular disease

mechanism underlying pathogenic tubulin mutations, and that considering structural impact

is not particularly useful for differentiating between pathogenic and benign tubulin variants.

Notably, this aligns with recent work showing that the predicted effects on protein stability tend

to be much milder in gain-of-function and dominant-negative mutations than for pathogenic

mutations associated with a loss of function (Gerasimavicius et al., 2022), supporting the idea

that most pathogenic tubulin mutations are due to non-loss-of-function effects.
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Figure 4.6: Comparison of predicted changes in protein stability between pathogenic and
putatively benign tubulin variants, when considering ∆∆G values calculated using full protein
complex structures and absolute values ∆∆G values calculating the change in free energy for
folding were calculated with FoldX considering the structure of the full protien complex structures,
including all intermolecular interactions. Scores are shown for tubulin-α and β families globally (A),
in isotypes with at least 5 identified pathogenic mutations (B). Absolute values for these scores are
also shown for each family (C) and isotype (D). Maroon diamonds indicate the mean ∆∆G score, and
mutation totals for each group are also shown at the bottom. The p-values displayed were obtained via
unpaired Wilcoxon tests
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4.2.4 Variant effect predictors show poor performance in discrimination between
pathogenic and putatively benign tubulin mutations

Next, I assessed the abilities of 25 different VEPs to distinguish between pathogenic and

putatively benign tubulin missense mutations (a complete set of predictions for every tu-

bulin mutation from all VEPs can be accessed in Table S3 at https://www.biorxiv.org/

content/10.1101/2022.06.16.496400v1.supplementary-material). To compare the

performance of different VEPs, I first used a metric of predictor performance, known as the

receiver operating characteristic (ROC) area under the curve (AUC) generated from each VEP

over the entire dataset of tubulin missense variants (Fig. 4.7A). Overall, the VEPs performed

very poorly. Most had overall AUCs below 0.6, with the top-performing predictor, REVEL,

having an AUC of only 0.68. In contrast, a recent study using a very similar methodology

found that many VEPs had overall AUCs above 0.8, e.g. REVEL had an AUC of 0.9 for

haploinsufficient disease genes, 0.85 for genes associated with a gain-of-function, and 0.83

for genes associated with dominant-negative effects (Gerasimavicius et al., 2022). Thus, even

considering that VEPs tend to do worse for non-loss-of-function mutations, the performance

observed here for tubulin mutations is strikingly poor.

It is important to note that this analysis is likely to overstate the predictive power of some VEPs.

Supervised machine learning approaches underpin most VEPs, and typically use datasets of

known pathogenic and benign variants for training. Since some VEPs are likely to have been

trained using some of the tubulin mutations in this evaluation, their performance has a strong

possibility of being overstated. This problem is particularly acute for metapredictors, including

the top-performing methods in this analysis, REVEL and M-CAP, which combine supervised

learning with multiple other predictors as inputs. In contrast, predictors based upon unsuper-

vised machine approaches and those utilising empirical calculations should be free from this

bias. Therefore, given the performance of the unsupervised predictor DeepSequence, ranking

third overall, one can likely consider it to be the most reliable predictor of tubulin mutation

pathogenicity, consistent with its top-ranking performance in a recent study (Livesey & Marsh,

2020). However, even DeepSequence only achieves an AUC of 0.63 for tubulin mutations

here, compared to well over 0.8 for all disease-associated proteins tested in that study.

Subsequently, I compared the AUCs calculated for individual isotypes across all VEPs, consid-

ering isotypes with at least 10 pathogenic mutations. I found that pathogenic mutations in the

tubulin-β isotypes TUBβ2B, TUBβ3 and TUBβ4A, which are all associated with neurodevel-

opmental diseases, were predicted better compared to TUBβ8, associated with oocyte matur-

ation defects (Fig. 4.7B). Therefore, I classified tubulins into two groups based upon observed

disease phenotypes: neurodevelopmental and other (as described in Table 4.1). I observed

a significantly better performance on isotypes linked to neurodevelopmental diseases (Fig.

4.8A). Interestingly, when I compare the performance on neurodevelopmental vs other dis-

orders across the individual VEPs (Fig. 4.8B), I observe that metapredictors and supervised
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Figure 4.7: Assessment of variant effect predictor (VEP) performance for identification of
pathogenic tubulin mutations (A) The area under receiver operating characteristic (ROC) curves
for each variant effect predictor across all isotypes with at least 1 identified pathogenic mutation,
colour coded according to predictor category. The area under ROC curves for isotypes with at least 10
identified pathogenic mutations (B) were also calculated across all predictors. Dashed line indicates
the performance of a random predictor. Maroon diamonds indicate the mean area. AUC = area under
curve

VEPs, like REVEL, M-CAP and VEST4, outperformed all other VEPs on isotypes linked to

neurodevelopmental disease but showed a drastic decrease in performance on other pheno-

types. In contrast, unsupervised DeepSequence shows very similar performance between the

two groups. This strongly suggests that that certain VEPs have likely been overfitted in their

training against the neurodevelopmental mutations.

Given its overall performance in these analyses and unsupervised nature, I would currently

recommend DeepSequence for predicting the effects of tubulin mutations, although I emphas-

ise that its predictive utility is still relatively limited. Therefore, I have produced DeepSequence

predictions for every possible amino acid substitution across most tubulin isotypes and have

provided them as a resource (which can be accessed in Table S4 at https://www.biorxiv

.org/content/10.1101/2022.06.16.496400v1.supplementary-material). I have also

calculated optimal thresholds for DeepSequence using the closest point to the top left corner

of generated ROC curves. Based upon this, I suggest that DeepSequence scores lower than

-5.89 are likely to be pathogenic in isotypes linked with neurodevelopmental phenotypes, and

lower than -4.83 for isotypes linked with other phenotypes.
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Figure 4.8: Comparison of VEP performance on pathogenic mutations in tubulin genes
associated with neurodevelopment vs other disease phenotypes (A) Area under receiver
operating characteristic (ROC) curves in isotypes with mutations linked with neurodevelopmental or
other disease phenotypes. The p-value stated was obtained via a paired Wilcoxon test. (B) Area under
ROC curves for each predictor in isotypes with mutations associated with neurodevelopmental or other
disease phenotypes. Dashed line indicates the performance of a random predictor. Maroon diamonds
indicate the mean area. AUC = area under curve

4.2.5 The most poorly predicted tubulin pathogenic mutations likely act via
non-loss-of-function mechanisms

To further examine the contributing factors behind the limited performance of VEPs in detect-

ing pathogenic tubulin mutations, I sought to identify the pathogenic mutations predicted most

poorly by current approaches. To do this, I developed a ranking method to examine mutations

across all the VEPs used in this study. First, all predictions of gnomAD and pathogenic tubulin

mutations were amalgamated. I then transformed all scores from individual VEPs to be on the

same scale for comparison. Next, for each VEP, cumulative distribution ranks were computed

for normalisation within a window partition across the combined dataset. Finally, for each

mutation, these normalised ranks were averaged across all VEPs to generate a new metric I

termed mean cumulative distribution (MCD). Essentially the MCD provides a single value for

each mutation representing how damaging it is predicted to be across all of the VEPs I used

in this analysis, ranging from 0 for mildest to 1 for most disruptive. MCD replicated the results

observed for the VEP analysis, with the most significant differences between pathogenic

and gnomAD values being observed in the same isotypes (TUBβ2B, TUBβ3, TUBβ4A) that

showed higher ROC values (Fig. 4.10).

I then used the MCD scores to identify pathogenic tubulin mutations that were most poorly

predicted by the VEPs (Table 4.2). These mutations generally involve substitutions between

chemically similar amino acids. In particular, mutations from valine to isoleucine at position

353 in three different isotypes – TUBα1A, TUBβ5 and TUBβ8 – are among the worst pre-

dicted, with the variant in TUBβ8 having the lowest MCD score of any pathogenic tubulin
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mutation. Phenotypically, in TUBα1A and TUBβ5, V353I is related to the malformations of

cortical development (Bahi-Buisson et al., 2014), while the mutation is associated with fe-

male infertility in TUBβ8, although whether the mutation is causing the issue is not shown

(B. B. Chen et al., 2017).

Table 4.2: Pathogenic Mutations with

the lowest MCD Scores

Isotype Mutation
MCD

Score

TUBß8 V353I 0.188

TUBα1A I238V 0.215

TUBα1A I219V 0.215

TUBß8 I4L 0.221

TUBα1A D127E 0.245

TUBß8 A352S 0.247

TUBß1 R307H 0.253

TUBß8 M330I 0.280

TUBß5 V353I 0.280

TUBα1A S54N 0.300

TUBß8 R2K 0.311

TUBα1A A270S 0.326

TUBα1A V353I 0.335

TUBα1A I188L 0.341

TUBß3 M323V 0.342

TUBß8 F200L 0.352

TUBß8 V175M 0.354

TUBα1A I5L 0.357

TUBα1A V409I 0.371

TUBα1A R214H 0.372

Note: These are pathogenic variants

predicted to be the least damaging

Consequently, I experimentally tested whether muta-

tions in the 353 position for TUBα1 and TUBβ8

enabled tubulin incorporation into microtubules. As

V353I introduces a mild physicochemical change,

as with most of the poorly predicted pathogenic

tubulin mutations, I also tested a more disruptive

mutation in both isotypes where the hydrophobic

valine is changed to a positively charged arginine.

V353R has not been observed in humans (nor is it

possible with only a single nucleotide substitution),

but it allows us to compare an apparently mild

substitution to a more disruptive substitution at

the same position. I transiently transfected the

fluorescently tagged tubulin mutants into HeLa cells

and analysed whether they were incorporated into

the mitotic spindle, where microtubules can be

clearly observed and where spindle architecture

relies on MAPs. N-terminally tagged mCherry-

TUBα1 incorporated into microtubules with the aid

of a linker; however mCherry-TUBβ8 did not (as

described in sections 3.2.4 and 3.2.5). I therefore

tested a C-terminally tagged TUBβ8-GFP, which did

successfully incorporate.

Both wild-type TUBα1 and TUBβ8 isotypes strongly

incorporated into the mitotic spindle in HeLa cells,

co-localising with tubulin (Figs. 4.11 and 4.12A).

The V353I mutants also showed incorporation that

was not significantly different from wild type for

both isotypes. This is also consistent with previous

work showing that V353I in TUBβ5 can still form a

heterodimer and be incorporated into microtubules

(Breuss et al., 2012). Interestingly, however, the

V353R mutant showed severe reduction in incorpor-

ation for TUBα1, but no significant effect for TUBβ8. I also tested whether the tubulin mutations
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affected mitotic spindle morphology and measured the mitotic spindle length (Fig. 4.12B).

Notably, while TUBα1 V353I did not show reduced incorporation into microtubules, it did lead

to significantly shorter spindles, suggesting the mutation may ultimately interfere with correct

microtubule dynamics or interactions with microtubule-associated proteins. Other mutants

showed no significant difference from wild type. I also confirmed that spindle aspect ratios

were similar between wild-type and mutant tubulin constructs, indicating spindle scaling is

conserved (Fig. 4.12C).

Figure 4.9: Visualisation of V353
residue in tubulin-α and β Tubulin-α
is in wheat, tubulin-β in bluewhite. Red
spheres represent atoms constituting
the V353 residue. Next heterodimer
along the protofilament is in reduced
transparency. PDB ID: 5jco

These results clearly suggest a possible molecu-

lar mechanism underlying genetic disease in the

TUBα1A V353I mutation: the mutant can incorporate

into microtubules along with wild-type protein, but

appears to have a dominant-negative effect on spindle

organisation of microtubules. In contrast, the V353R

mutation, which is predicted to be more severe at a

protein structural level, shows reduced incorporation

and thus has no effect on spindle morphology.

This mirrors the recent observation that dominant-

negative and gain-of-function mutations tend to be

more structurally mild than loss-of-function mutations

(Gerasimavicius et al., 2022).

None of the tested TUBβ8 mutations show any

phenotypic effect. It is interesting to note that V353

residues in tubulin-α and -β are not at precisely

equivalent positions in a sequence alignment or in the

structures of tubulin-α and -β (Fig. 4.9). V353 is a

surface residue in tubulin-α, close to the longitudinal

interdimeric interface, whereas in tubulin-β, it is more buried in the protein interior, but close to

the intradimer interface, and thus it is unsurprising that mutations at V353 could have different

molecular effects in each isotype. It is possible that the molecular effects of V353 mutations

in TUBβ8 are too subtle to detect in this experimental system. Alternatively, the evidence

that V353I is a true pathogenic mutation in TUBβ8 is quite limited. It was observed in a

heterozygous state in a single patient with infertility, but it is unknown if either of her parents

also had the mutation (B. B. Chen et al., 2017). Thus, another possible explanation for the

poor computational prediction of TUBβ8 V353I is that it is not really pathogenic.
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Figure 4.10: Calculating the Mean Cumulative Distribution (MCD) scores across all predictors
for each mutation reveals similar patterns MCDs were calculated across all Variant Effect Predictors
in a combined dataset which included every gnomAD and pathogenic variant identified in tubulin.
The gnomAD and pathogenic MCD scores were separated and grouped by pathogenicity type (A), or
isotype (B). The p-values stated were obtained using unpaired Wilcoxon tests, with ones not shown
being above 0.05. Maroon diamonds indicate the average MCD

Figure 4.11: V353 mutants show observable differences in spindle incorporation or morphology
in TUBα1 but not in TUBβ8 Representative live-cell images of mitotic HeLa cells after being
transfected with fluorescently tagged wild type and mutant constructs (green) and incubated with SiR-
tubulin (red). Bars, 5µm
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Figure 4.12: Quantification confirms differences in spindle incorporation and morphology
between V353 mutants in TUBα1 but not in TUBβ8 Wide linescans across the whole mitotic spindle
were taken to calculate how fluorescent signal intensity changed across the mitotic spindle compared
to SiR-tubulin (as described in section chapter 3 section ref here). For each cell, two-sided Spearman
correlations were calculated between both signal intensities (A). The lengths of mitotic spindles (B) and
spindle aspect ratios (length/width) (C) were also calculated. For each construct, median values are
displayed with 95% confidence intervals. Asterisks indicate Kruskal-Wallis test (with post-hoc Dunn)
significance values, ***, P < 0.001; ****, P < 0.0001, ns, not significant. Bars, 5µm
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4.3 Discussion

At least initially, tubulinopathies only describe diseases associated with neurodevelopment

(Bahi-Buisson et al., 2014; Fallet-Bianco et al., 2014; Oegema et al., 2015; Riesselman et al.,

2018; Romaniello et al., 2017, 2019). However, several pathogenic tubulin mutations reported

in recent years are not linked to neurodevelopmental diseases, and thus the phenotypical

profile of ’tubulinopathies’ needs redefining. As the mechanisms by which tubulin mutations

give rise to these disease phenotypes are generally unknown, the extensive repertoire of

newly identified mutations now at our disposal provides an opportunity to study pathogenicity

globally, across the tubulin family.

The strong conservation in tubulin sequence and structure across isotypes (Chakraborti et

al., 2016), and the lethality of tubulin mutations in yeast (Schatz et al., 1988) might lead one

to assume that many pathogenic mutations would cause protein instability and consequently

a loss of function. However, this appears not to be the case, with predictions of changes in

protein stability showing very little ability to discriminate between pathogenic and putatively

benign mutations, with the exception of a slight trend observed for TUBβ2B. There is some

previous evidence for a loss-of-function mechanism underlying some pathogenic tubulin muta-

tions, e.g. the R264C mutation in TUBα1A perturbs chaperone binding and reduces the extent

of heterodimer assembly, which has been suggested to account for its pathogenic effects

(G. Tian et al., 2008). However, it appears that the overall role of destabilisation in driving

tubulin pathogenicity must be very limited.

Tubulin mutations can act via dominant-negative or gain-of-function mechanisms, where the

mutant protein incorporates into the microtubule lattice and instead disrupts its function. These

effects have been reported in tubulins before and include mutations in TUBα1A (Aiken et al.,

2020) and others across different tubulin-β isotypes (Breuss et al., 2012; Cederquist et al.,

2012; Cushion et al., 2014; Ti et al., 2016; Tischfield et al., 2010). Once they are incorporated

into microtubules, these mutations may alter biophysical microtubule properties or disrupt

interactions with MAPs. The latter model includes interactions with non-motor MAPs, like

NuMA and PRC1 (Ti et al., 2016; Tischfield et al., 2010), and the impairment of motor protein

binding and, subsequently, cellular transport (Niwa et al., 2013). Multiple copies of mutant

tubulin incorporated into microtubule can compound a mutation’s effect. Also, some tissues

express multiple tubulin-β isotypes, especially in the developing brain (Hausrat et al., 2021).

Here, redundancy may mitigate any loss of function in a specific isotype, but cells struggle to

cope with dominant-negative or gain of function effects.

The classic definition of the dominant-negative effect involves the mutant protein disrupting

the activity of the wild-type protein, either directly or indirectly, whereas the phenotypic effects

of gain-of-function mutations are due to the mutant protein doing something different than

the wild-type protein (Backwell & Marsh, 2022). For most proteins that form relatively small

complexes, classification of a mutation as being associated with to either mechanism should



4.3. Discussion 77

usually be straightforward. However, given the large size of microtubule assemblies and their

diverse functional roles, such classification may be ambiguous for tubulins. It depends on

whether disease is due to reduced microtubule function (dominant negative), or whether

altered microtubule properties are driving disease (gain of function). While here I have re-

ferred to TUBα1 V353I, which incorporates into microtubules and reduces spindle length, as

dominant negative, it is possible that its pathogenic effects might be better described as gain

of function.

The pathogenic mutations predicted most poorly tend to involve substitutions between sim-

ilar amino acids, with hydrophobicity and charges largely maintained between wild-type and

mutant residues. This observation likely reflects the fact that most predictors incorporate some

manner of amino acid substation matrix, thus predicting more minor effects for variants that do

not change a residue’s charge or hydrophobic state. In contrast to more drastic mutations that

tend to be better predicted, these mutations may be less detrimental to folding and microtubule

assembly. Indeed, this difference is likely to explain why a weaker co-localisation to the mitotic

spindle was observed in the TUBα1 V353R mutant compared to V353I.

Throughout this work, the performance of supervised predictors, and especially metapre-

dictors like REVEL and M-CAP, highlights the issue of circularity present in these types of

VEPs, which are typically trained using published pathogenic and benign variants (Grimm et

al., 2015). There is a strong likelihood that some of these mutations are in training sets for

these predictors. These biases would lead metapredictors and supervised methods to predict

mutations in isotypes linked with neurodevelopmental diseases as pathogenic correctly, while

mutations in other isotypes would be predicted poorly. This may explain why metapredictors

performed so much worse on such mutations, especially when compared to unsupervised

methods like DeepSequence and PROVEAN.

From these results, one can judge DeepSequence to be the best performing VEP, considering

consistency across isotypes and phenotypes. Unlike supervised methods, it does not use a

labelled training set. DeepSequence can also make predictions based on the evolutionary

conservation of entire sequences at once as opposed to no more than a few sites of interest,

setting it apart from many other VEPs (Riesselman et al., 2018). Benchmarking several VEPs

against deep mutational scanning data also highlighted DeepSequence as the best pathogen-

icity predictor (Livesey & Marsh, 2020). Therefore, I would recommend using DeepSequence

over metapredictors like REVEL and M-CAP to achieve more accurate predictions of tubulin

variant pathogenicity.

This chapter presents the tubulin family as a blind spot for current phenotype predictors,

especially in identifying mutations that result in non-neurodevelopmental pathogenic pheno-

types. Inherent predictor biases due to training sets introduce circularity and could contribute

to this. While effects other than loss of function appear crucial, the diversity of pathogenic

phenotypes necessitates further study to comprehend the molecular mechanisms behind their
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pathogenicity fully. Understanding these mechanisms and what sets them apart from other

proteins would be the key to improving the poor performance of current phenotype predictors

in tubulin that we observed.

For non-neurodevelopmental phenotypes, pathogenic effects initially appeared to be isotype-

specific, but this could be linked to where these isotypes are expressed and to what level,

or other unknown factors. For example, pathogenic mutations in TUBβ8 are associated to

female infertility, but males carrying these mutations would presumably present a healthy

phenotype (B. B. Chen et al., 2019). Importantly, many tubulin mutations are currently reported

as linked to a disease or phenotype, but the evidence supporting causality is limited. It will

be important to demonstrate whether the mutation is causative of pathogenesis or a con-

sequence of other changes to cell homeostasis or genome stability. A pragmatic experimental

approach is therefore essential to define the mechanism of pathogenesis associated with

tubulin mutations. It will then be possible to develop strategies to treat tubulin-related disorders

using a personalised medicine approach.



Chapter 5

The pathogenic mechanisms of

mutations in TUBβ4B linked to

primary ciliary dyskinesia

5.1 Introduction

In the previous chapter, I described how variant effect predictors (VEPs) are of limited utility

in distinguishing between pathogenic mutations and putatively benign variants. Their failure

is particularly acute with pathogenic mutations, which act through mechanisms that do not

cause a complete loss of function. However, we still do not fully understand how certain tubulin

mutations cause pathogenicity, and this knowledge will undoubtedly help the improvement of

future predictions of phenotypes and pathogenesis.

The necessity to predict tubulin mutations correctly is particularly acute when considering their

role in a growing range of diseases. Due, at least in part, to the rise of sequencing studies, we

now know of tubulin-linked disorders affecting cell types outside of the neural system (where

‘tubulinopathies’ were initially detected). Notably, normal tubulin function is critical for fertility,

with acetylation pivotal for sperm motility (Bhagwat et al., 2014) and several missense variants

associated with defects in maturation (B. B. Chen et al., 2019). In addition, novel pathogenic

tubulin mutations are being reported with increasing regularity. The first links between tubulin

mutations and oocyte maturation have only been made in 2016 (Feng, Sang, et al.), with

variants linked to female infertility (Yao et al., 2022) and bleeding disorders (Kimmerlin et al.,

2022) only identified earlier this year.

As we discover more pathogenic mutations across tubulins, one might anticipate that this

growing list would also implicate tubulin in phenotypes beyond those previously described.

Notably, many pathogenic tubulin mutations affect specialised cells such as oocytes and

megakaryocytes. In these cells, microtubules are needed to adopt distinct structures – spe-

cifically the meiotic spindle in oocytes and the marginal band in megakaryocytes. As dis-

cussed in section 1.2, specialised cells achieve this by adjusting their ‘tubulin code’, involves

expressing particular isotypes and subjecting them to specific post-translational modifications.

79
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Therefore, cell types with similarly defined roles may also be subject to distinct pathogenic

phenotypes due to isotype-specific tubulin mutations.

Ciliated tissues satisfy these criteria. In mammals, TUBβ4 isotypes (i.e. TUBβ4A or TUBβ4B)

are the predominant tubulin-β isotypes in the cilia of a wide range of cells (Jensen-Smith et al.,

2003; Renthal et al., 1993). As discussed in section 3.2.1, TUBβ4B was detected in several

cilia-rich tissues. Specifically, it appears to be the most highly expressed tubulin-β isotype in

the integumentary, respiratory, reproductive and digestive systems, where sensory or motile

cilia are most prominent (Fig. 3.1).

Several diseases caused by ciliary defects – collectively termed ‘ciliopathies’ – were found

to result from imbalances in tubulin post-translational modifications (Berbari et al., 2013;

Latour et al., 2020). Microtubules in cilia are subject to a highly regulated repertoire of post-

translational modifications. In the case of cilia, these include tyrosination, polyglutamylation

and polyglycylation. Their importance was emphasised by experiments disrupting the activity

of proteins that regulate these modifications, which found severe effects on ciliary function

(Bosch Grau et al., 2017; Müller et al., 2022).

Other ciliopathies have been attributed to mutations in MAPs. Such examples include muta-

tions in a component of the dynein complex (discussed in section 1.1.6). This component is

DNAH9, one of the heavy chains forming part of the outer dynein arms (illustrated in Fig.

1.3) (Fassad et al., 2018; Loges et al., 2018). In respiratory epithelial cells, dynein provides

the mechanical force needed for cilia to beat and clear the airways from pathogens. Thus,

mutations disrupting dynein activity have been linked to primary ciliary dyskinesia (PCD), a

disease heavily impairing the function of motile cilia, where respiratory defects are the major

symptom.

Given that defects in MAPs and tubulin-modifying enzymes have been implicated in dis-

eases linked to cilia defects and that ciliated cells have a highly regulated tubulin code, it

is also likely that tubulin mutations could result in ciliopathies. Specifically, one might expect

these mutations to occur in isotypes abundant in cilia. One study has linked two missense

mutations in TUBβ4B, R391C and R391H, to a neurodegenerative disorder called Leber

congenital amaurosis (LCA), which affects ciliated cells in the retina (Luscan et al., 2017).

These mutations do not impede heterodimer assembly or incorporation into the microtubule

lattice, but they instead affect microtubule polymerisation dynamics. LCA is classed as a

ciliopathy (Waters & Beales, 2011), but the study did not find any effect of these mutations

on the formation of cilia and the localisation of proteins controlling this process. Therefore,

differences in microtubule polymerisation caused by these mutations could still impact ciliary

function. There is a need for further interrogation into pathogenic tubulin mutations linked to

ciliary defects.
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My work in this chapter builds on the identification of pathogenic mutations in TUBβ4B found in

PCD patients. Crucially, they provide an opportunity to investigate a novel link between tubulin

mutations and disease, as they describe a phenotype not previously ascribed to tubulin. After

examining how they differ in structural location and VEP performance, I used experimental

techniques to interrogate their pathogenic mechanisms by first recombinantly expressing

TUBβ4B with and without these mutations for purification in vitro. Once I confirmed that wild-

type TUBβ4B forms a stable heterodimer in my system, I then went on to investigate whether

this was also the case for TUBβ4B with PCD mutations. I confirmed that all but one PCD-

linked mutation failed to bind with TUBα1A, and experiments in vivo also reflected these

differences. These results further expand on the heterogeneity of pathogenic mechanisms in

tubulins and emphasise the need for VEPs to consider different mechanisms, especially since

they consistently show reduced performance on mutations that are not pathogenic through

loss of function.

5.2 Results

5.2.1 Description of TUBβ4B mutations linked to primary ciliary dyskinesia

Dr Pleasantine Mill and her research group use genetic screens, gene editing and super-

resolution microscopy to address fundamental questions on ciliary function and how it is

hampered in human disease. Their work has identified primary ciliary dyskinesia (PCD) pa-

tients with de novo TUBβ4B mutations.

The mutations P259S and P259L occur at the same position, on the heterodimeric interface

between tubulin-α and -β. Additionally, their work uncovered two other TUBβ4B mutations

in PCD patients: P358S, which occurs on a buried residue close to the microtubule lumen,

and an in-frame duplication of 10 amino acids (L240-D249, abbreviated as Dup for the rest of

this chapter) which form a loop constituting the heterodimeric interface (Fig. 5.1). Interestingly,

PCD patients with the P358S mutation also had defects outside the respiratory system, severe

LCA and hearing loss.

These PCD-linked TUBβ4B mutations also showed variation in the ability of VEPs to predict

them as pathogenic (Table 5.1). When I examined VEP scores for these mutations alongside

the scores obtained from all other tubulin mutations in the previous chapter (see section

4.2.5), the TUBβ4B P358S, P259S and P259L scored MCD values of 0.63, 0.75 and 0.85

respectively (scores can only be obtained for missense variants). These values mean that

VEPs are more confident in predicting that P259 mutants have a damaging effect than P358S.

For comparison, the MCD scores for the previously identified R391H and R391C were 0.58

and 0.68, respectively.
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Table 5.1: TUBβ4B mutations linked with primary ciliary dyskinesia (PCD)

Dupb ‘Typical’ PCD Symptoms NA

R391H LCAc(Luscan et al., 2017) 0.58

P358S Syndromic Disease 0.63

R391C LCAc(Luscan et al., 2017) 0.68

P259S ‘Typical’ PCD Symptoms 0.75

P259L ‘Typical’ PCD Symptoms 0.82

TUBβ4B

Mutation
Clinical Phenotype MCDa

a Mean Cumulative Distribution score. higher values represent missense variants

predicted to be more damaging
b In-frame duplication of 10 amino acids (L240-D249)
c Leber congenital amaurosis, a disease affecting retinal photoreceptor cells

Note: Typical PCD symptoms are normally limited to defects within the respiratory

system. More syndromic disease describes PCD patients also suffering from LCA

and hearing hearing loss

This information demonstrates how PCD-linked TUBβ4B mutations differ in structural location,

VEP performance and disease phenotype. Therefore, evaluating their pathogenic mechan-

isms can give crucial insights into how mutations at different positions give rise to disease

(and dictate its severity) and the poor overall performance of VEPs (and how this can be used

to improve predictions).

5.2.2 TUBβ4B is soluble as a heterodimer with tubulin-α

To experimentally characterise the pathogenic mechanisms of PCD-linked TUBβ4B muta-

tions, I investigated two key questions. Specifically, I sought to identify whether each mutation

disrupts the formation of a competent heterodimer and, if not, whether the mutant heterodimer

can then incorporate into microtubules.

My strategy to address these questions included purifying recombinant TUBβ4B and the

pathogenic mutants in vitro. The heterodimer of tubulin-α and -β is soluble. Thus, I designed

constructs for the dual expression of TUBα1A and wild-type or mutant TUBβ4B, using a

method described by Vemu et al. (2016). The isotypes possess affinity tags, where TUBα1A

contained an internal 6-histidine tag that protrudes into the microtubule lumen, and TUBβ4B

had a C-terminal FLAG tag which – along with the TUBβ4B C-terminal tail – sticks out from

the microtubule surface (Fig. 5.2A).
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Figure 5.1: Structural locations of TUBβ4B mutations linked to primary ciliary dyskinesia (PCD)
Tubulin-α is in wheat, tubulin-β in bluewhite. Red spheres indicate α-carbon atoms of the P259 and
P358 residues (left), mutated in PCD patients. The orientation of the microtubule surface and lumen
is also denoted (bottom). The structure is also shown rotated 90° clockwise along the Y-axis (right) to
show the ten amino acids duplicated (L240-D249, abbreviated Dup, shown in red) in another patient
with PCD.

I used the Bac-to-bac insect cell expression system for tubulin expression. First, plasmids

containing the tagged tubulins were transformed into bacterial cells competent in producing

baculoviral DNA. These are optimised for the efficient transfection of proteins of interest into

insect cells (Sf9), which, after multiple rounds of viral amplification, were used to express

recombinant tubulin according to the designed constructs (Fig. 5.2B). I first focused on ex-

pressing and purifying wild-type TUBβ4B and TUBα1A.

Following one-step affinity purification for FLAG-tagged protein, the size of species in the

eluate was examined using size exclusion chromatography (SEC). This technique generates

an analytical SEC profile where peaks further to the right represent proteins or complexes

at smaller molecular sizes. Two peaks were observed on the SEC profile of the eluate (Fig.

5.3A). The second peak observed in the SEC profile of the eluate corresponded to the peak

obtained when loading the FLAG peptide on its own. However, when SEC was performed on

a sample of soluble tubulin purified from pig brains (using a method described by Castoldi

and Popov (2003)), the profile had one peak corresponding to the first peak observed in the

eluate, suggesting that this peak may represent dimeric tubulin.

The corresponding peak fractions were collected and analysed by SDS-PAGE to confirm their

molecular weights (Fig. 5.3B). Indeed, a thick band at 50kDa was detected for peak fractions

from the porcine tubulin SEC, while two thin bands were observed for the eluate peaks, one

just above the other at around the same molecular weight. It is important to note that the
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Figure 5.2: Strategy for expression of recombinant tubulin in insect cells (A) Location of tags
relative to the protein structure of tubulin. Tubulin-α is in wheat, tubulin-β in bluewhite, and the
position of the tubulin subunit in relation to the microtubule is also denoted (bottom). TUBα1A contains
an internal 6-histidine tag that protrudes into the microtubule lumen (yellow, while a FLAG tag is
attached to the C-terminal tail of TUBβ4B which sticks out from the microtubule surface (blue).
(B) The experimental workflow for the recombinant expression of tubulin in vitro. Plasmids were
transformed in bacterial cells competent in producing baculoviral DNA (also encoding a fluorescent
reporter for indicating expression) which can be transfected into Sf9 cells. After multiple rounds of viral
amplification, these cells would express recombinant tubulin with the specified tags.
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Figure 5.3: TUBβ4B can be purified as a heterodimer (A) Chromatograms showing representative
UV280 profiles following size exclusion chromatography (SEC). The eluate obtained after one-step
FLAG affinity purification of wild-type TUBβ4B is in green. SEC profiles for the FLAG peptide (used
during elution, yellow) and porcine brain tubulin samples (blue) are also shown. (B) Fractions obtained
from the first peak of the SEC profiles of FLAG-purified wild-type TUBβ4B (green box) and porcine
brain tubulin (blue box)

sample of soluble tubulin obtained from porcine brains can only be dimeric in vitro and would

contain a mixture of isotypes with different PTMs, creating a small range in molecular weights.

On the other hand, Sf9 cells recombinantly overexpress two isotypes of tagged tubulin and

would be the primary tubulins detected. FLAG-tagged TUBβ4B is estimated to be around

2kDa larger than His-tagged TUBα1A, which would explain the differences observed by SDS-

PAGE. These results show that one-step affinity purification can be used to successfully obtain

recombinant TUBβ4B that can form a stable heterodimer.

5.2.3 P259S, P259L and L240-D249 duplication mutants in TUBβ4B fail to form
a heterodimer with TUBα1A in vitro

Next, I investigated whether TUBβ4B could still be purified as a soluble heterodimer when

it contained the mutations found in patients with PCD. I replicated the experiments I per-

formed in section 5.2.2, i.e. one-step FLAG affinity purification and analytical size exclusion

chromatography. However, unlike wild-type TUBβ4B, I failed to detect a clear soluble band

at around 50kDa in the P259S eluate (E1) (Fig. 5.4). Since both wild-type and P259S FLAG

affinity purifications were performed in parallel, this result indicates that the P259S drastically

reduced the recovery of mutant TUBβ4B in vitro.

This result suggested that the P259S mutant may disrupt the heterodimer from forming.

The P259S mutation could lead to the protein being targeted for degradation or possibly

lead to a translational failure, where a truncated, unstable protein is instead produced. This
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Figure 5.4: P259S reduces recovery of TUBβ4B heterodimer in vitro SDS-PAGE gel of samples
collected during the one-step FLAG affinity purification of wild-type (A) and P259S (B) TUBβ4B
expressed in insect cells. Samples are labelled as follows: SP = Starting Pellet, CP = Crude Spin
Pellet, CS = Crude Spin Supernatant, FT = Flowthrough, W1 – W3 = Washes, E1 = Final Elution

pathway would support a loss of function mechanism. To confirm whether TUBβ4B P259S

is not incorporated into a heterodimer, I sought to take advantage of the dual expression

system used to express recombinant tubulin. Given the high conservation in sequence and

structure through evolution (as discussed in section 1.1.8), some recombinant tubulin forms a

heterodimer with the endogenous tubulin expressed in Sf9 cells. If this is the case, His-tagged

TUBα1A may still be abundant in Sf9 cells and hence could still be purified.

Therefore, I took the cell lysate expressing TUBα1A and wild-type or mutant TUBβ4B, applied

it to pre-equilibrated Ni-NTA beads and eluted it using 250mM imidazole. I used western

blotting to evaluate how much soluble wild-type or mutant TUBβ4B is bound to TUBα1A. I

also used this technique on cell pellets to examine if the mutants were expressed at all. While

performing western blots on cell pellets, I also probed using an anti-GFP antibody as a control

for loading and expression since the baculovirus in the system used in these experiments also

contained this fluorescent reporter for tracking and protein expression.

In pellets of Sf9 cells expressing TUBα1A and wild-type TUBβ4B, I detected a strong signal for

His-tagged (TUBα1A) and FLAG-tagged (TUBβ4B) protein (Fig. 5.5A). However, this was not

the case for the P259S and P259L TUBβ4B mutant constructs, where a reduced signal was

detected for His-tagged and especially FLAG-tagged tubulin with a similar GFP loading control

signal. Moreover, the signal appeared much weaker in the P259L mutant compared to P259S,

with only a faint band observed for FLAG-tagged protein in P259L cell pellets. The eluates

collected after one-step affinity purification also showed similar patterns (Fig. 5.5B). Here,

comparable signals of His-tagged protein were detected using the anti-His antibody, indicating

that similar levels of purified tubulin dimers were loaded. Using the anti-FLAG antibody to

detect any TUBβ4B bound to the purified TUBα1A, wild-type TUBβ4B displayed a strong

signal, but no signal was detected for the P259S and P259L mutants. Hence, in these eluates,
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soluble TUBα1A is most likely bound to endogenously expressed tubulin-β from the insect

cells used in the expression system.

Expression of TUBβ4B Dup did not yield any soluble heterodimer. Furthermore, no detectable

expression of tubulin-α or -β indicated by the His or FLAG signals were observed in Sf9 cell

pellets (Fig. 5.5C and D). When considered together, these results show that the P259S,

P259L, and Dup mutants fail to co-assemble as heterodimers with TUBα1A, explaining the

lack of protein detected and supporting a loss of function mechanism.

5.2.4 The P358S mutant in TUBβ4B forms a heterodimer and can bind to TUBα1A

I then examined whether the TUBβ4B P358S mutation, which intradimeric interface, also

fails to form a soluble heterodimer with TUBα1A in vitro. If this is the case, this mutation

may also be acting through a loss of function. Therefore, I performed one-step FLAG-affinity

purifications to recover wild-type and P358S TUBβ4B. Seeking a method to analyse the mass

of molecules in the collected eluate that is not reliant on large yields of concentrated tubulin, I

used a mass photometry approach detailed by Fineberg et al. (2020) in the context of tubulin.

Briefly, this technique uses images of single biological molecules to estimate the molecular

masses of soluble species within a loaded sample as averaged mass kernel density estimates

(see section 2.3.6). Hence, I used mass photometry to measure the mass of molecules in

the eluates collected from one-step FLAG affinity purifications. Eluates of both wild-type and

P358S TUBβ4B FLAG purifications showed one clear peak at around 100kDa (Fig. 5.6A),

indicating that the majority of molecules in both samples contained heterodimeric tubulin.

However, P358S TUBβ4B may still exclusively bind to endogenous Sf9 tubulin, where P358S

would still be operating via loss of function. To rule this out, I sought to determine whether

P358S TUBβ4B is capable of binding to TUBα1A in vitro, using the same experimental

strategy as the previous section (i.e. one-step His-affinity purification to recover TUBα1A on

pellets also expressing wild-type or P358S TUBβ4B to determine how much is bound).

Western blots on cell pellets showed similar signals of His-tagged (TUBα1A) and FLAG-

tagged (TUBβ4B) protein between cells expressing wild-type and P358S TUBβ4B (Fig. 5.6B).

Moreover, the eluates collected after purification also showed similar levels of His-tagged and

FLAG-tagged proteins (Fig. 5.6C). Altogether, these results show that the P358S mutation

in TUBβ4B enables heterodimer formation and can bind to TUBα1A. Consequently, the un-

derlying pathogenic mechanism for this specific mutation is unlikely to be related to a loss of

function but could instead have dominant-negative effects.
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Figure 5.5: P259S, P259L and L240-D249 duplication TUBβ4B mutants fail to heterodimerise
with TUBα1A in vitro Western blots of Sf9 cells expressing TUBα1A and wild-type (WT), P259S,
P259L (A) or Dup (C) TUBβ4B. One-step His-affinity purification experiments were performed on
these cells to recover purified TUBα1A. Western blots of eluates collected following purification of
cells expressing wild-type, P259S, P259L (B) and Dup (D) TUBβ4B are shown. All samples were
probed using anti-His antibodies for detecting TUBα1A (yellow boxes) and anti-FLAG antibodies for
detecting TUBβ4B (blue boxes). Cell pellets were also probed with anti-GFP antibodies (black boxes)
as a control for cell loading and expression.
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Figure 5.6: P358S forms a heterodimer in vitro and is capable of binding to TUBα1A (A)
Quantification of the heterodimersiation state of wild-type (WT, grey) and P358S (yellow) TUBβ4B
with mass photometry. Proportion of observed molecules with specific mass kernel density estimates
are shown, with a curve of best fit. (B) Western blots of Sf9 cells expressing TUBα1A and WT
or P358S TUBβ4B. One-step His-affinity purification experiments were performed on these cells to
recover purified TUBα1A. Western blots of eluates collected following purification of cells expressing
WT or P358S TUBβ4B are shown (C). All samples were probed using anti-His antibodies for detecting
TUBα1A (yellow boxes) and anti-FLAG antibodies for detecting TUBβ4B (blue boxes). Cell pellets were
also probed with anti-GFP antibodies (black boxes) as a control for cell loading and expression.
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Figure 5.7: PCD-linked TUBβ4B mutations display observable differences in microtubule
incorporation in HeLa cells during interphase Representative live-cell images of HeLa cells in
interphase after being transfected with wild type and mutant constructs C-terminally tagged with GFP
(green) and incubated with SiR-tubulin (red). Scale bars, 10µm

5.2.5 Differences observed in heterodimer formation of PCD-linked TUBβ4B
mutations in vitro reflect microtubule incorporation in vivo

The differences in heterodimer formation between TUBβ4B mutations found in PCD patients

are intriguing. Principally, of the mutants explored in this chapter, the only one still capable of

binding to TUBα1A is the P358S mutation, which already differs from the others in terms of

structural location, VEP performance and clinical phenotype. However, mutant P358S could

still prevent TUBβ4B from being incorporated into microtubules and consequently cause tu-

bulin to lose its function.

To rule out this possibility and confirm the differences observed in vitro, I used an in vivo

approach to investigate whether PCD-linked TUBβ4B mutations allowed for the incorporation

of tubulin into microtubules. First, I designed fluorescent constructs with a C-terminal GFP

tag using a similar approach to the mutants at the V353 position in TUBβ8 in section 4.2.5.

Then, after transiently transfecting these constructs into HeLa cells, I incubated the cells with

a taxol-based far-red fluorescent probe, SiR-tubulin, for visualising microtubules within cells.

In interphase cells, wild-type and P358S TUBβ4B arrange themselves in distinct filamentous

networks which appeared to align to the microtubules observed in the far-red channel (Fig.

5.7). Contrastingly, these networks were only observed in the SiR-tubulin channel in the

P259S, P259L and Dup mutants.



5.2. Results 91

Transfected cells were also imaged in metaphase (Fig. 5.8A). Wild-type and P358S TUBβ4B

are strongly incorporated into the mitotic spindle. While no incorporation of TUBβ4B Dup and

P259L was detected, P259S shows weak localisation to the mitotic spindle. I then quantified

these differences using the approach described in section 3.2.6, taking wide linescans of the

mitotic spindle and measuring the correlation between the profiles obtained for SiR-tubulin and

the fluorescent construct. Wild-type and P358S TUBβ4B correlated highly with SiR-tubulin,

but this was reduced in the P259S, P259L and Dup mutants (Fig. 5.8B). Interestingly, while

still being lower than wild-type, the correlation for the P259S mutant was higher than the

P259L and Dup mutants, and a one-way ANOVA revealed the difference between P259S and

P259L to be significant (p = 0.0487).

These findings validate the work done in vitro, where pathogenic TUBβ4B mutants disrupting

heterodimer formation show reduced levels of microtubule incorporation in vivo. In contrast,

P358S, which is not detrimental to TUBα1A binding, can still be incorporated into microtu-

bules, inferring that the underlying mechanism in which this mutation gives rise to disease is

not loss of function.

5.3 Discussion

The discovery of TUBβ4B mutations in PCD patients presented a chance to study patho-

genic tubulin mutations in a new context. Intriguingly, variations within these mutations also

allowed for examining the underlying molecular mechanisms across different structural loc-

ations, pathogenicity predictions and clinical phenotypes. In turn, these findings can inform

VEPs and improve performance on mutations in diseases not previously ascribed to tubulins.

The underlying pathogenic mechanism causing PCD varies between mutations. My results

indicate that the P358S mutation in TUBβ4B, unlike P259S, P259L and Dup, is unlikely to be

pathogenic through a loss of function mechanism. TUBβ4B P358S binds to TUBα1A, and this

heterodimer incorporates into microtubules, which the other mutants explored in this chapter

failed to do. PCD patients with the P358S mutation presented a more severe phenotype than

those with loss of function mutations where multiple cell types were affected. This difference

in phenotype may be due to the incorporation of multiple copies of TUBβ4B P358S within

microtubules compounding its effect.

Structurally, P358S contrasts with the other pathogenic variants studied, occurring at a residue

close to the microtubule lumen instead of at the intradimeric interface. Indeed, the structural

location of P358 residue may explain why P358S is predicted more poorly by current VEPs.

Current VEPs also appear to perform better on tubulin mutations acting via loss of function

than those which retain some functionality (as demonstrated in section 4.2.5). For TUBβ4B,

these mutations are not limited to P358S but include R391C and R391H, which similarly
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Figure 5.8: PCD-linked TUBβ4B mutants show differences in spindle incorporation (A)
Representative live-cell images of mitotic HeLa cells after being transfected with wild type and mutant
TUBβ4B constructs C-terminally tagged with GFP (green) and incubated with SiR-tubulin (red) (B)
Wide linescans across the whole mitotic spindle were taken to calculate how fluorescent signal intensity
changed across the mitotic spindle compared to SiR-tubulin. For each cell, two-sided Spearman
correlations were calculated between both signal intensities. For each construct, median values are
displayed with 95% confidence intervals. Asterisks indicate Kruskal-Wallis test (with post-hoc Dunn)
significance values, ****, P < 0.0001. Scale bars, 5µm
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incorporate into microtubules (Luscan et al., 2017). Poorly predicted pathogenic mutations in

other tubulins are also unlikely to cause a loss of function, as demonstrated by my work on

the V353I mutations discussed in the previous chapter.

While this work successfully elucidates the pathogenic mechanism for P259S, P259L and

Dup, how the presence of the mutant TUBβ4B P358S in microtubules gives rise to disease

still needs to be explored. One possibility is that the mutation changes the physical properties

of microtubules in some manner, perhaps by altering microtubule dynamics. However, the

current yield of tubulin is a limiting factor to performing experiments studying microtubule

dynamics.

The purification procedures used in this chapter yield low levels of tubulin (Diao et al., 2022;

Vemu et al., 2016). Optimising these purification procedures to achieve higher yields more

consistently would be beneficial for investigating how pathogenic mutations influence microtu-

bule dynamics in vitro by using techniques such as total internal reflection microscopy, where

interactions with other MAPs can also be examined (J. Chen et al., 2021). Alternatively, recent

studies have described tubulin-β mutations that enable microtubule nucleation at lower con-

centrations. These include E254A, which slows down GTP hydrolysis (Roostalu et al., 2020),

and Y222F, which favours the formation of straight tubulin oligomers making spontaneous

nucleation more likely (Ayukawa et al., 2021).

Another way TUBβ4B P358S may lead to disease is by disrupting interactions with MAPs.

P358S occurs at a residue close to the microtubule lumen. Multiple recent studies reveal

the presence of microtubule inner proteins (Nihongaki et al., 2021; X. L. Wang et al., 2021).

Deficiencies in MAP interactions caused by P358S or any other pathogenic tubulin mutation

could be explored by taking advantage of a lysate-based pipeline developed by Jijumon et al.

(2022), which allows for quantitative and structural analysis of interactions between MAPs and

microtubules. Alternatively, Leca et al. (2020) used a different approach, combining microtu-

bule sedimentation of homogenates extracted from mouse brains and mass spectrometry to

identify MAPs that show reduced binding.

Intriguingly, while the TUBβ4B P259S mutant could not bind to TUBα1A in vitro, its weak

localisation to the mitotic spindle in vivo was also observed. These differences could be

due to differences in expression systems, where insect cells were used for in vitro work

while mitotic spindle localisation experiments were performed on mammalian cells. Still, this

suggests that heterodimer formation and consequent microtubule incorporation may not be

binary. Tubulin-β mutations may have reduced binding to tubulin-α or molecular chaperones,

but the interaction is not completely inhibited. Therefore, some tubulin heterodimers would

still assemble and incorporate into microtubules, and the extent to which this can be detected

may vary depending on the expression system used. So, the amount of P259S TUBβ4B that

can still heterodimerise was not detectable using these in vitro methods but is still observable
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in vivo. From this, expressing mutations using mammalian systems may be more suitable for

detecting mutations that cause a less than complete loss of function.

Considering the tubulin folding pathway may also explain how less His-tagged TUBα1A was

detected in cells expressing P259S, P259L or Dup TUBβ4B. Indeed, some TUBα1A bound

to endogenous Sf9 cell tubulin-β is present and can be purified. However, TUBα1A may also

attempt to bind to the mutant TUBβ4B, with this process being unsuccessful in insect cells. In

these cases, the whole complex may be targeted for degradation, reducing the overall levels

of His-tagged TUBα1A and explaining the reduced signal detection in the cell pellets.

In total, my work showed that pathogenic mutations in TUBβ4B causing PCD could act

through different mechanisms, including dominant-negative effects. Mutations that do not

cause a loss of function are more poorly predicted by VEPs and may still lead to severe

phenotypes, likely due to several copies of mutant proteins that can incorporate into micro-

tubules and compete with wild-type tubulin heterodimers. Once again, this establishes the

weaknesses of current VEPs and highlights the need to address them as novel pathogenic

mutations and phenotypes ascribed to tubulin continue to emerge.



Chapter 6

Final Discussion

6.1 The pathogenicity of tubulin mutations can be isotype-specific

In this thesis, I examined and systematically compared tubulin isotypes. I found that isotypes

deviate in tissue expression, sequence conservation, and evolutionary constraint. However,

these variations are not uniformly distributed, especially with tubulin-β isotypes. I then ana-

lysed the mechanisms of TUBβ4B mutations associated with primary ciliary dyskinesia, affect-

ing ciliated cells. Also reflected in tissue expression, my work highlights that tissue-specific iso-

types may have non-redundant roles, which could associate their mutations with pathogenicity.

For example, in osteoclasts (which have roles in bone development and maintenance), TUBβ6

is important for maintaining correct microtubule dynamics, microtubule-actin interactions and

specialised cell morphology (Maurin et al., 2021). Moreover, I observed that variant effect

predictors (VEPs) perform worse at distinguishing disease-causing mutations in isotypes with

unique expression profiles and pathogenic phenotypes, highlighting the need to investigate

these isotypes further.

Tissue-specific isotypes may be responsible for forming specialised microtubule arrays, which

enable specific cells to perform their functions. My work highlights a subset of isotypes –

TUBα8, TUBβ1 and TUBβ8 – as being evolutionary divergent with distinct tissue expression

profiles and links to disease, which are predicted less accurately by current VEPs. Their

importance is emphasised by studies investigating the phenotypic effects of deletions of

isotypes such as TUBβ1 (Schwer et al., 2001) and TUBβ8 (B. B. Chen et al., 2017). However,

how these isotypes are uniquely adapted for the construction and maintenance of these arrays

remains an open question.

One possibility is that isotypes alter the physical properties of microtubules in order to special-

ise in their function. Such properties may include microtubule bending, which is essential for

marginal band formation and is primarily driven by the sliding of protofilaments within microtu-

bules (C. Wang et al., 2016). Interestingly, TUBα8 is upregulated as megakaryocytes mature

(Kimmerlin et al., 2022) and structurally diverges from TUBα1A. Intriguingly, these differences

occur in a loop mediating lateral interactions between protofilaments. Consequently, different

95
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residues at this interface result in TUBα8 forming weaker interactions between protofilaments,

possibly assisting microtubule curvature (Belvindrah et al., 2017).

Alternatively, differences between tubulin isotypes may alter the balance of PTMs. As dis-

cussed in section 1.1.9, PTMs are diverse but can only occur on specific residues. Isotypes

with more residues susceptible to particular PTMs may influence PTM distribution along

microtubules. Microtubules enriched for specific PTMs are pivotal for many physiological roles

in cilia, flagella, neurons, sperm and muscles (reviewed in (Janke & Magiera, 2020)). In con-

clusion, identifying variations between isotypes that may render microtubules more adapted

for specific functions is vital for understanding the role of microtubules in distinct cell types.

Elucidating these differences may also inform investigations into pathogenic mechanisms,

especially when analysing tubulin mutations at points of divergence between specific isotypes.

6.2 Pathogenic mechanisms in tubulin are heterogeneous

Disease-causing tubulin mutations cause pathogenesis through different mechanisms. How-

ever, I discovered that VEPs poorly predict pathogenic tubulin mutations, especially those that

are dominant negative. Therefore, understanding how these mechanisms work will improve

VEP performance.

I found that mutations which disrupt heterodimer formation are predicted more accurately

by current VEPs. This finding is supported by recent work, which identified that mutations

causing a loss of function are more likely to occur at the protein interior and are better

predicted by nearly all VEPs (Gerasimavicius et al., 2022). Since tubulin-α and -β are stable

in their heterodimeric form in vivo, mutations in the intradimeric interface may function sim-

ilarly to mutations at the protein interior, where the mutated protein becomes unstable and

ultimately degraded. Examples of this have already been reported, where pathogenic muta-

tions in TUBα1A occurring on the intradimeric interface (namely R402C, R402H and L397P)

compromise tubulin stability and chaperone binding (G. L. Tian et al., 2010). Furthermore,

Y. Q. Wang et al. (2006) found that the proteasome rapidly degrades misfolded tubulin-β.

Most VEPs primarily base their methods on sequence conservation and protein structure.

Thus, pathogenic mutations that do not cause a complete loss of function are more likely

to be misclassified, as their divergence from evolution could be more subtle. This oversight

might explain why predictors performed poorly on mutations that do not act via loss of function.

Nevertheless, predictions of pathogenic tubulin mutations are still worse than those previously

observed for dominant negative or gain of function mutations, especially ones made by top-

performing VEPs (Gerasimavicius et al., 2022).

Compared to other proteins, dominant negative and gain of function mutations in tubulins may

frequently occur because the mutant tubulin can still assemble into microtubules and interfere
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with the function of non-mutant tubulins. These effects may be driven by the introduction of

physical changes to microtubules. Recent work by Krajka et al. (2022) revealed one such alter-

ation, where TUBβ4A mutations associated with H-ABC and dystonia biases tubulin against

adopting a straight conformation but vary in microtubule incorporation and polymerisation.

Alternatively, mutant tubulin integrated into microtubules can give rise to disease by disrupting

MAP interactions. Mutations in MAPs have also been linked to neurodevelopmental diseases

(Poirier et al., 2013; G. Tian et al., 2016). Therefore, elucidating the pathogenic mechanisms

of tubulin mutations – especially ones that influence MAP interactions – may apply to other

proteins beyond tubulins.

Finally, these mechanisms of pathogenicity may apply to other structural cytoskeletal proteins,

such as actin. Pathogenic actin mutations are mostly missense, and while many do not disrupt

protein folding, many compromise interactions with other proteins such as myosin (F. Parker et

al., 2020). Overall, the findings in this thesis will inform the development of future VEPs, where

different pathogenic mechanisms are considered, especially in the context of the cytoskeleton.
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and ones found in healthy people impact the structure of tubulin. Then, we tested the abil

ity of available computational predictors to distinguish between these two types of tubulin

mutations. We found these programs poorly predict tubulin mutations that cause diseases,

limiting their usefulness. Next, we studied disease causing mutations that were not pre

dicted by computational methods. We found that these did not prevent tubulin from

forming microtubules, indicating these mutations change the function of tubulin without

inactivating them. Our work presents tubulins as a weakness of current computational

predictors, potentially because they fail to consider different ways in which mutations

cause disease.

Introduction

Microtubules are polarised cytoskeletal filaments essential in several cellular processes, ranging

from cell division to signalling and transport. They assemble into axons, cilia, and the mitotic

spindle, while also providing tracks for microtubule associated proteins (MAPs) and motors

for molecular trafficking [1,2].

Microtubules self assemble from tubulin α and β heterodimers, with the dynamics of their

assembly and disassembly being integral to their function [3]. Tubulin α and β are ubiquitous

in eukaryotes, while related proteins in the FtsZ family show similarity in sequence, structure

and function in archaea and bacteria [4,5]. Nine tubulin α and ten tubulin β genes have been

identified in humans, originating from evolutionary gene duplication events [6]. In the tubulin

field, these tubulin paralogues are referred to as isotypes. Between tubulin α and β, conserva

tion in sequence and structure is high, especially at interfaces stabilising the heterodimer, and

at contacts between tubulin heterodimers across (lateral) and along (longitudinal) protofila

ments [7]. While tubulin α and β both bind to GTP, only tubulin β can hydrolyse it to GDP,

with residues on these binding sites amongst the most conserved [8]. GTP hydrolysis enables

distinct conformations that mediate the dimer’s ability to be incorporated into microtubules

[9]. The C terminal region makes up the outer surface of the microtubule and so contributes

to most of the interactions with MAPs [10]. Furthermore, many differences in amino acid

sequences between isotypes occur in this region [11] and in the unstructured, highly negative

tail [12]. Tubulin γ, δ and ε are more divergent in sequence than tubulin α and β and are

involved in the basal bodies of centrioles, rather than being self assembled into dynamic poly

mers [13,14].

A wide range of genetic disorders called ’tubulinopathies’ have now been attributed to

tubulin mutations. Over 225 pathogenic mutations in human tubulin isotypes have been

reported (see Table 1). These findings highlight the importance of understanding tubulin func

tion in different cell types. The first reported tubulin mutations associated with pathogenic

phenotypes were found in TUBα1A, TUBβ2B, TUBβ3, and TUBβ4A and resulted in neurode

velopmental defects [15]. Mutations in the γ tubulin isotype TUBγ1 which is necessary for

microtubule nucleation also cause a similar neurodevelopmental disorder [16,17]. While

mutations in TUBα4A and TUBβ4A have been linked to neurodegenerative disease [18,19],

phenotypes outside the nervous system are now emerging. These include TUBβ1 mutations

associated with bleeding disorders [20], a link between tubulin α acetylation and reduced

sperm motility [21], and TUBβ8 mutations connected with female infertility due to incorrect

meiotic spindle assembly [22].

Despite the large number of identified pathogenic tubulin mutations, our understanding of

the molecular mechanisms by which these mutations cause disease remains limited. The large
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majority of pathogenic tubulin mutations involve missense changes (i.e. single amino acid resi

due substitutions) and have autosomal dominant inheritance. There are only a few known

exceptions, including homozygous null and in frame deletion mutations in TUBβ8 that can

cause an oocyte maturation defect [23], a dominant nonsense mutation that results in a slightly

truncated TUBα4A linked to the neurodegenerative disease amyotrophic lateral sclerosis [19],

and a recessive intron deletion in TUBα8 in polymicrogyria patients that interferes with splic

ing, producing shorter mRNAs that do not contain exon 2 [24].

The absence of any known protein null mutations in tubulins causing dominant disease is

striking. This tells us that the molecular mechanism underlying dominant mutations cannot

simply be haploinsufficiency, whereby disease is caused by a complete lack of functional pro

tein produced from the mutant allele. One possibility is that disease is caused by a milder loss

of function (i.e. hypomorphic mutations). For example, pathogenic TUBα1A mutations have

been reported to disrupt interactions of the nascent protein with tubulin chaperones, which

impairs heterodimer formation, suggesting that disease can be caused by a partial loss of func

tion [25]. Alternatively, a pathogenic mutation could act via a non loss of function mecha

nism, having a dominant negative effect or causing a gain of function [26]. This would

typically be associated with the mutant protein retaining the ability to incorporate into micro

tubules, which has been observed for many pathogenic tubulin mutations [27 32]. For domi

nant negative mutations, the incorporation of mutant protein directly or indirectly disrupts

Table 1. Summary of all tubulin isotypes considered for this study. The number of dominant pathogenic mutations identified for each isotype is denoted, as well as

their pathogenicity classification. Where necessary, additional comments about the pathogenicity type and references for all mutations are also included. MCM = missense

constraint metric (Z Score obtained from gnomAD); ALS = amyotrophic lateral sclerosis; H ABC = hypomyelination with atrophy of basal ganglia and cerebellum.

Isotype #
pathogenic

#
gnomAD

MCM Phenotype classification References and comments

TUBα1A 67 680 5.584 neurodevelopmental Various neuropathies [35,79 83]

TUBα1B 0 696 5.412 cancer only Roles in resistance to chemotherapy [84 86]

TUBα1C 0 153 2.171 cancer only Identified as an oncogene [87]

TUBα3D 0 343 1.533 non disease

TUBα3E 0 531 0.296 non disease Only 1 homozygous mutation known, which was excluded [88]

TUBα4A 7 255 3.303 other

(neurodegenerative)

All linked with ALS [19]. One deletion mutation also identified (excluded)

TUBα8 0 201 0.631 non disease Homozygous 14bp deletion linked with polymicroglia [24] (excluded)
TUBβ1 6 268 0.003 other (bleeding

disorders)

Linked to platelet defects [45 47]

TUBβ2A 3 192 5.263 neurodevelopmental Simplified gyral patterning, infantile onset epilepsy and progressive spastic ataxia [30, 89]

TUBβ2B 29 190 5.120 neurodevelopmental Various neuropathies [15,29,55,57,64,90 92]

TUBβ3 24 76 4.579 neurodevelopmental Various neuropathies, a few mutations associated with milder phenotypes

[15,32,55,57,64,66,93,94]

TUBβ4A 38 198 4.262 neurodevelopmental Mostly H ABC and Hypomyelination, some less severe and a few linked with Dystonia

[56,95 112]

TUBβ4B 2 201 4.498 other (sensory) Linked heavily with cancer [113]. Two mutations have been linked to a sensorineural

neurodegenerative disease impairing vision [18]

TUBβ5 7 198 5.625 neurodevelopmental Various neuropathies, mostly severe [28,114 119]

TUBβ6 1 74 2.637 neurodevelopmental Linked with non progressive congenital facial palsy [120]

TUBβ8 35 464 1.860 other (female infertility) Linked to oocyte maturation defects [22,23,50 53]

TUBβ8B 0 228 2.372 non disease

TUBγ1 8 57 4.155 neurodevelopmental All linked to cortical development malformations, one of unknown inheritance [16,17]

(excluded).
Two deletions also cause a lack of centrosome localisation [121]

TUBγ2 0 113 2.443 non disease

https://doi.org/10.1371/journal.pcbi.1010611.t001
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the activity of the wild type protein [26]. In these cases, the mutant tubulin retains its ability to

form a heterodimer and assemble into microtubules before consequently impacting function

in some other way, e.g. by perturbing microtubule properties or disrupting interactions with

MAPs. For instance, TUBβ3 mutations that alter the charged surface of the microtubule pre

vent molecular motors from binding and thus have profound impacts on cellular transport

[33]. Changes in microtubule properties could also induce a gain of function, as has been pro

posed for the pathogenic T178M variant in TUBβ2A and TUBβ3, which has been reported to

make microtubules more stable and cause altered microtubule growth dynamics [34].

With the increasing accessibility of sequencing data, novel tubulin variants are being con

tinually discovered [35]. Since it is impractical to test them all experimentally, there is a strong

need for computational approaches to identify tubulin mutations most likely to be pathogenic.

Many variant effect predictors (VEPs) have been developed in recent years, and some of these

are now in widespread use to help identify mutations that potentially have clinical significance

[36]. However, the performance of these predictors can vary quite dramatically across different

proteins and, to our knowledge, there has been no systematic assessment of their performance

on tubulin mutations specifically. Missense mutations that cause pathogenicity by dominant

negative or gain of function mechanisms tend to be poorly predicted by most currently avail

able VEPs [37], which could potentially limit their applicability to tubulins. It is therefore

important for us to understand to what extent we can rely on computational predictors when

assessing tubulin mutations.

In this study, we have first performed a systematic survey of known pathogenic missense

mutations across all human tubulins and analysed their positions within the three dimensional

structures of tubulin heterodimers. This approach has allowed us to look for patterns in muta

tions across isotypes, structural locations, and phenotypes, in an attempt to obtain insight into

the likely molecular disease mechanisms. Next, we assessed the performance of several differ

ent VEPs in distinguishing between pathogenic and putatively benign missense variants,

observing that the predictive performance of all tested methods is poor compared to most

other proteins. Finally, we have selected pathogenic tubulin mutations that were poorly pre

dicted by computational approaches for experimental characterisation and show that the

mutant proteins are able to be incorporated into microtubules, consistent with a likely domi

nant negative mechanism. Our work suggests that many tubulin pathogenic mutations that

act via non loss of function mechanisms cause pathogenic phenotypes that cannot be

explained computationally using current methods that rely on sequence conservation or pro

tein structure. Overall, this study highlights the need for a greater understanding of microtu

bule protein interactions to understand the molecular mechanisms underlying

tubulinopathies.

Results

Survey of tubulin missense mutations

First, we compiled as many previously identified pathogenic or likely pathogenic dominant

tubulin missense mutations as possible, using online databases [38,39] and extensive literature

searching (S1 Table). In addition, we also identified missense variants in tubulin genes

observed across >140,000 people from the gnomAD v2.1 database [40]. Given that the gno

mAD dataset comprises mostly healthy individuals without severe genetic disorders, these var

iants are unlikely to cause dominant disease, and we therefore refer to them as "putatively

benign". However, we acknowledge that some of these variants could have milder effects, vari

able penetrance, or be associated with late onset disease. Table 1 shows the numbers of patho

genic and gnomAD missense variants for each tubulin isotype and the associated type of
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genetic disease. Somatic mutations in tubulins are also implicated in cancer development;

however, these mutations are likely to provide a selective advantage to cancer cells by provid

ing resistance to chemotherapeutic drugs [41 43]. Hence these mutations might obscure our

results and have not been included in our study, although we have noted two isotypes with

links to cancer in which no other disease related mutations have been identified yet (Table 1).

While pathogenic mutations occur throughout the tubulins, mutations in both tubulin α and

β show clustering towards the intermediate and C terminal domains when shown in the con

text of the linear amino acid sequence (Fig A in S1 Text).

We also considered the gene level missense constraint metric (MCM) scores provided by

the gnomAD database (Table 1). These are derived from a model based on sequence context to

predict the number of expected variants present in a healthy population relative to the number

of actual variants observed [44]. They provide a metric for the tolerance of each isotype to mis

sense variation, with higher values representing genes that are more intolerant to amino acid

sequence changes. Interestingly, we observed high MCM scores for isotypes linked with neuro

developmental disorders (TUBα1A, TUBβ2A, TUBβ2B, TUBβ3, TUBβ4A and TUBβ5).

TUBβ6 is the only exception, and has only one pathogenic mutation reported so far, causing

congenital facial palsy. These scores contrast with the much lower scores observed for TUBβ1

and TUBβ8, associated with platelet defects [45 49] and female infertility [22,23,50 53],

respectively, which suggest that they are much more tolerant to sequence variation. Overall,

our analysis indicates there is a stronger sequence constraint in the human population for

tubulin isotypes that contribute to neurodevelopment. This may be due to the selective pres

sure of the process, compared to tubulin isotypes expressed in cells that affect organism fitness

to a lesser extent.

Protein structural context is of limited utility for explaining tubulin

mutation pathogenicity

Next, we mapped all variants to three dimensional structures of tubulins in the Protein Data

Bank (PDB). We classified each mutation carrying residue from every tubulin isotype based

upon its structural location: whether it occurs at an intermolecular interface, on the protein

surface, or buried in the protein interior. We used a hierarchy to classify structural locations

(Fig B in S1 Text). First, given that GTP binding (and hydrolysis for tubulin β) is essential, we

classified residues on the GTP nucleotide binding site as ’GTP binding’. Other tubulin muta

tions occurring at intermolecular interfaces were classified into three categories depending on

where they occur in the model structures described in S2 Table: at the intradimer interface, at

an interdimeric interface (which we refer to as microtubule contacts, as they support lateral

and longitudinal interactions with microtubules), or at interfaces with MAPs. Remaining

mutations not at interface positions were then classified depending on whether they were on

the protein interior or surface according to relative solvent accessible surface area [54]. Finally,

we labelled any residues that were not present in any ordered part of any experimentally

derived tubulin structures as ’outside of structure’. These typically occurred in the disordered

C terminal region, or at positions of divergence between the sequences of mapped structures

and the tubulin isotype in question. Notably, while several gnomAD variants occurred at ’out

side of structure’ positions, this was true for only a single pathogenic mutation: R307H in

TUBβ1. Interestingly, all other tubulin β isotypes have a histidine at this position, explaining

why the residue could not be mapped within our pipeline, as the wild type amino acid residue

needs to be present in the structure.

First, we used this classification system to assess whether tubulin mutations are enriched at

particular locations. Despite the large dataset size, no significant differences in the locations of
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pathogenic or putatively benign gnomAD mutations were found across tubulin α isotypes col

lectively (Fig 1A) or in any tubulin α isotype individually (Fig 1B). This result was surprising

given that the link between TUBα1A and disease remains the most well established of all tubu

lin isotypes, with 67 pathogenic variants linked with various neurodevelopmental defects [35].

Observations were similar for TUBα4A, the only other tubulin α isotype with dominant path

ogenic mutations (Fig 1B) [19]. Furthermore, pathogenic mutations in both isotypes showed

no obvious patterns or spatial clustering when visualised within the protein structure (Figs 2

and C and D in S1 Text).

In contrast to tubulin α, we do observe a significant enrichment of pathogenic tubulin β
mutations relative to gnomAD variants at GTP binding residues and at lateral or longitudinal

(i.e. interdimeric) microtubule contacts (Fig 1A), especially in TUBβ2B and TUBβ4A (Fig 1B).

Mutations in these isotypes have been extensively linked to neuronal defects, and can be

observed to form spatial clusters on tubulin structures (Fig 2). In contrast, putatively benign

gnomAD variants are significantly more likely to occur on the protein surface or at ’outside of

structure’ positions (Fig 1B). TUBβ3 and TUBβ5 are also linked to similar disease phenotypes,

but do not show any notable differences in structural location [15,28,55 57].

Interestingly, we found no significant differences in structural location in tubulin β isotypes

associated with diseases outside the neuronal system (Fig 1B), nor did pathogenic mutations

show any clear patterns or clustering at the three dimensional structure level (Fig 2). We did,

however, note that many TUBβ1 variants occurred at ’outside of structure’ residues (Fig 1B).

This is due primarily to the greater sequence divergence between TUBβ1 and experimentally

determined tubulin structures, as any positions where the TUBβ1 sequence is different than the

aligned positions within the available structures will remain unmapped using our approach.

The centrosome localised TUBγ1 has also been associated with neurodevelopmental dis

ease [16,17]. Using the crystal structure of TUBγ1 containing two molecules per asymmetric

unit (PDB ID: 3CB2) [58], we observed that 4 out of 8 pathogenic mutations identified so far

occur at interfaces responsible for lateral interactions between TUBγ1 monomers (Figs 1 and

Fig 1. Comparison of the distribution of structural locations between pathogenic and putatively benign tubulin variants. The proportion of pathogenic

and putatively benign gnomAD mutations in each location type for tubulin α, β and γ globally (A) and for individual isotypes (B). Mutation totals for each

group are shown at the bottom, and only isotypes with at least five pathogenic mutations were included. Fisher’s exact tests were used to compare frequencies

between gnomAD and pathogenic mutations considering each family and isotype separately. Asterisks indicate a location class with a significantly higher

proportion of mutations compared to its corresponding group, where � p< 0.05, �� p< 0.01, ��� p< 0.001, ���� p< 0.0001.

https://doi.org/10.1371/journal.pcbi.1010611.g001
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2, labelled in magenta). We suspect these interactions to occur between adjacent TUBγ1 chains

within γ TURC [59]. Their distribution was not significantly different to gnomAD variants,

although we note the small sample size.

Fig 2. Visualisation of pathogenic tubulin mutations on three dimensional structures of tubulin heterodimers.

Structures of tubulin isotypes with at least five identified pathogenic mutations. Coloured residues indicate pathogenic

mutations according to their location. The position of the tubulin subunit in relation to the microtubule (MT) is noted

at the top. Residues in red denote mutations buried in the protein interior, while light cyan residues are on the surface.

Green residues indicate mutations occurring at GTP binding interfaces, while ones in magenta highlight residues on

intradimer interfaces. Navy blue and yellow residues mark mutations on residues interacting with microtubule

associating proteins (MAPs) and other tubulin dimers, respectively. PDB IDs: 6s8k (for all tubulin α and β isotypes)

and 3cb2 (for TUBγ1). Alternate versions of this figure with the structures rotated 90˚ and 180˚ around the y axis are

provided in Figs C and D in S1 Text.

https://doi.org/10.1371/journal.pcbi.1010611.g002
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Most pathogenic tubulin mutations are not highly disruptive to protein

structure

Next, we considered the predicted structural perturbations of pathogenic and putatively

benign gnomAD missense variants using FoldX [60]. This outputs a ΔΔG value, in units of

kcal/mol, with positive values indicating that a mutation is likely to destabilise protein struc

ture and negative values indicating predicted stabilisation. Previous work has shown that com

putationally predicted ΔΔG values can sometimes show considerable utility for the

identification of pathogenic missense mutations, and for understanding likely molecular dis

ease mechanisms [61].

Interestingly, we observe no significant differences between the ΔΔG values of pathogenic

and gnomAD missense variants for tubulin α, β or γ (Fig 3A). Of the individual isotypes,

only TUBβ2B shows significantly higher ΔΔG values for pathogenic mutations (p = 0.01),

although this would not remain significant when accounting for multiple testing (Fig 3B). We

initially used ΔΔG values that only consider the structural impact of variants on the monomer

alone, as they are more consistent between structures. However, we also observed very similar

results using the full ΔΔG values calculated using the entire complex, including intermolecular

interactions, as well as when using absolute ΔΔG values (Fig E in S1 Text).

These results suggest that the structural destabilisation is not a primary molecular disease

mechanism underlying pathogenic tubulin mutations, and that considering structural impact

is not particularly useful for differentiating between pathogenic and benign tubulin variants.

Notably, this aligns with recent work showing that the predicted effects on protein stability

tend to be much milder in gain of function and dominant negative mutations than for patho

genic mutations associated with a loss of function [37], supporting the idea that most patho

genic tubulin mutations are due to non loss of function effects.

Variant effect predictors show poor performance in discrimination

between pathogenic and putatively benign tubulin mutations

Next, we assessed the abilities of 25 different VEPs to distinguish between pathogenic and

putatively benign tubulin missense mutations. A complete set of predictions for every tubulin

mutation from all VEPs is provided in S3 Table. To compare the performance of different

Fig 3. Comparison of predicted changes in protein stability between pathogenic and putatively benign tubulin mutaitons. ΔΔG values representing the

predicted change in free energy of folding were calculated with FoldX considering the structure of the monomeric subunit only. Scores are shown for tubulin α
and β families globally (A) and in isotypes with at least five identified pathogenic mutations (B). Maroon diamonds indicate the mean ΔΔG values, and

mutation totals for each group are also shown at the bottom. The p values displayed were obtained via unpaired Wilcoxon tests.

https://doi.org/10.1371/journal.pcbi.1010611.g003
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VEPs, we first used a metric of predictor performance, known as the receiver operating charac

teristic (ROC) area under the curve (AUC) generated from each VEP over the entire dataset of

tubulin missense variants (Fig 4A). Overall, the VEPs performed very poorly. Most had overall

AUCs below 0.6, with the top performing predictor, REVEL, having an AUC of only 0.68. In

contrast, a recent study using a very similar methodology found that many VEPs had overall

AUCs above 0.8, e.g. REVEL had an AUC of 0.9 for haploinsufficient disease genes, 0.85 for

genes associated with a gain of function, and 0.83 for genes associated with dominant nega

tive effects [37]. Thus, even considering that VEPs tend to do worse for non loss of function

mutations, the performance we observe here for tubulin mutations is strikingly poor.

It is important to note that our analysis is likely to overstate the predictive power of some

VEPs. Supervised machine learning approaches underpin most VEPs, and typically use data

sets of known pathogenic and benign variants for training. Since some VEPs are likely to have

been trained using some of the tubulin mutations in our evaluation, their performance has a

strong possibility of being overstated. This problem is particularly acute for metapredictors,

including the top performing methods in our analysis, REVEL and M CAP, which combine

supervised learning with multiple other predictors as inputs. In contrast, predictors based

upon unsupervised machine approaches and those utilising empirical calculations should be

free from this bias. Therefore, given the performance of the unsupervised predictor DeepSe

quence, ranking third overall, we likely consider it to be the most reliable predictor of tubulin

mutation pathogenicity, consistent with its top ranking performance in a recent study [62].

However, even DeepSequence only achieves an AUC of 0.63 for tubulin mutations here, com

pared to well over 0.8 for all disease associated proteins tested in that study.

Next, we compared the AUCs calculated for individual isotypes across all VEPs, consider

ing isotypes with at least 10 pathogenic mutations. We found that pathogenic mutations in the

tubulin β isotypes TUBβ2B, TUBβ3 and TUBβ4A, which are all associated with neurodevelop

mental diseases, were predicted better compared to TUBβ8, associated with oocyte maturation

defects (Fig 4B). Therefore, we classified tubulins into two groups based upon observed disease

phenotypes: neurodevelopmental and other (as classified in Table 1). We observed a signifi

cantly better performance on isotypes linked to neurodevelopmental diseases (Fig 5A).

Fig 4. Assessment of VEP performance for identification of pathogenic tubulin mutations. (A) ROC AUC values for each VEP across all tubulin α and β
isotypes with at least one identified pathogenic mutation, colour coded according to predictor category. (B) Distribution of ROC AUC values across all VEPs

for isotypes with at least 10 identified pathogenic missense mutations. Dashed line indicates the performance of a random predictor. Maroon diamonds

indicate the mean area.

https://doi.org/10.1371/journal.pcbi.1010611.g004
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Interestingly, when we compare the performance on neurodevelopmental vs other disorders

across the individual VEPs (Fig 5B), we observe that metapredictors and supervised VEPs, like

REVEL, M CAP and VEST4, outperformed all other VEPs on isotypes linked to neurodeve

lopmental disease but showed a drastic decrease in performance on other phenotypes. In con

trast, unsupervised DeepSequence shows very similar performance between the two groups.

This strongly suggests that that certain VEPs have likely been overfitted in their training

against the neurodevelopmental mutations.

Given its overall performance in our analyses and unsupervised nature, we currently rec

ommend DeepSequence for predicting the effects of tubulin mutations, although we empha

sise that its predictive utility is still relatively limited. Therefore, we have produced

DeepSequence predictions for every possible amino acid substitution across most tubulin iso

types and have provided them as a resource (S4 Table). We have also calculated optimal

thresholds for DeepSequence using the closest point to the top left corner of our ROC curves.

Based upon this, we suggest that DeepSequence scores lower than 5.89 are likely to be patho

genic in isotypes linked with neurodevelopmental phenotypes, and lower than 4.83 for iso

types linked with other phenotypes.

The most poorly predicted tubulin pathogenic mutations likely act via non-

loss-of-function mechanisms

To further examine the contributing factors behind the limited performance of VEPs in detect

ing pathogenic tubulin mutations, we sought to identify the pathogenic mutations predicted

most poorly by current approaches. To do this, we developed a ranking method to examine

mutations across all the VEPs used in this study. First, all predictions of gnomAD and patho

genic tubulin mutations were amalgamated. We then transformed all scores from individual

VEPs to be on the same scale for comparison. Next, for each VEP, cumulative distribution

ranks were computed for normalisation within a window partition across the combined data

set. Finally, for each mutation, these normalised ranks were averaged across all VEPs to gener

ate a new metric we termed mean cumulative distribution (MCD), provided in S5 Table.

Essentially the MCD provides a single value for each mutation representing how damaging it

is predicted to be across all of the VEPs we used in our analysis, ranging from 0 for mildest to

Fig 5. Comparison of VEP performance on pathogenic mutations in tubulin genes associated with

neurodevelopmental vs other disease phenotypes. (A) Distribution of ROC AUC values across all VEPs for isotypes

with mutations linked with neurodevelopmental or other disease phenotypes. The p value stated was obtained via a

paired Wilcoxon test. Maroon diamonds indicate the mean area. (B) ROC AUC values for each VEP in isotypes with

mutations associated with neurodevelopmental or other disease phenotypes. Dashed line indicates the performance of

a random predictor.

https://doi.org/10.1371/journal.pcbi.1010611.g005
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1 for most disruptive. MCD replicated the results we observed for the VEP analysis, with the

most significant differences between pathogenic and gnomAD values being observed in the

same isotypes (TUBβ2B, TUBβ3, TUBβ4A) that showed higher ROC values (Fig F in S1 Text).

Next, we used the MCD scores to identify pathogenic tubulin mutations that were most

poorly predicted by the VEPs (Table 2). These mutations generally involve substitutions

between chemically similar amino acids. In particular, mutations from valine to isoleucine at

position 353 in three different isotypes TUBα1A, TUBβ5 and TUBβ8 are among the worst

predicted, with the variant in TUBβ8 having the lowest MCD score of any pathogenic tubulin

mutation. Phenotypically, in TUBα1A and TUBβ5, V353I is related to the malformations of

cortical development [15], while the mutation is associated with female infertility in TUBβ8,

although whether the mutation is causing the issue is not shown [50].

Consequently, we experimentally tested whether mutations in the 353 position for TUBα1

and TUBβ8 enabled tubulin incorporation into microtubules. As V353I introduces a mild

physicochemical change, as with most of the poorly predicted pathogenic tubulin mutations,

we also tested a more disruptive mutation in both isotypes where the hydrophobic valine is

changed to a positively charged arginine. V353R has to our knowledge not been observed in

humans (nor is it possible with only a single nucleotide substitution), but it allows us to com

pare an apparently mild substitution to a more disruptive substitution at the same position.

We transiently transfected the fluorescently tagged tubulin mutants into HeLa cells and ana

lysed whether they were incorporated into the mitotic spindle, where microtubules can be

clearly observed and where spindle architecture relies on MAPs. N terminally tagged

mCherry TUBα1 incorporated into microtubules with the aid of a linker; however mCherry

TUBβ8 did not. We therefore tested a C terminally tagged TUBβ8 GFP, which did successfully

incorporate.

Table 2. The most poorly predicted pathogenic tubulin mutations. For each of the VEPs used in this study, cumula

tive distribution ranks were generated in a combined dataset of putatively benign and pathogenic tubulin variants.

MCD scores for each variant were calculated by averaging the ranks from each predictor. Pathogenic variants with the

lowest MCD scores are shown here, representing those most poorly predicted by VEPs.

Isotype Mutation MCD Score

TUBß8 V353I 0.188

TUBa1A I238V 0.215

TUBa1A I219V 0.215

TUBß8 I4L 0.221

TUBa1A D127E 0.245

TUBß8 A352S 0.247

TUBß1 R307H 0.253

TUBß8 M330I 0.280

TUBß5 V353I 0.280

TUBa1A S54N 0.300

TUBß8 R2K 0.311

TUBa1A A270S 0.326

TUBa1A V353I 0.335

TUBa1A I188L 0.341

TUBß3 M323V 0.342

TUBß8 F200L 0.352

TUBß8 V175M 0.354

TUBa1A I5L 0.357

TUBa1A V409I 0.371

TUBa1A R214H 0.372

https://doi.org/10.1371/journal.pcbi.1010611.t002
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Both wild type TUBα1 and TUBβ8 isotypes strongly incorporated into the mitotic spindle

in HeLa cells, co localising with tubulin (Fig 6A and 6B and 6G in S1 Text). The V353I

mutants also showed incorporation that was not significantly different from wild type for both

isotypes. This is also consistent with previous work showing that V353I in TUBβ5 can still

form a heterodimer and be incorporated into microtubules [28]. Interestingly, however, the

V353R mutant showed severe reduction in incorporation for TUBα1, but no significant effect

for TUBβ8. We also tested whether the tubulin mutations affected mitotic spindle morphology

and measured the mitotic spindle length (Fig 6C). Notably, while TUBα1 V353I did not show

reduced incorporation into microtubules, it did lead to significantly shorter spindles, suggest

ing the mutation may ultimately interfere with correct microtubule dynamics or interactions

with microtubule associated proteins. Other mutants showed no significant difference from

wild type. We also confirmed that spindle aspect ratios were similar between wild type and

mutant tubulin constructs, indicating spindle scaling is conserved (Fig H in S1 Text).

Our results clearly suggest a possible molecular mechanism underlying genetic disease in

the TUBα1A V353I mutation: the mutant can incorporate into microtubules along with wild

type protein, but appears to have a dominant negative effect on spindle organisation of micro

tubules. In contrast, the V353R mutation, which we predict to be more severe at a protein

structural level, shows reduced incorporation and thus has no effect on spindle morphology.

This mirrors the recent observation that dominant negative and gain of function mutations

tend to be more structurally mild than loss of function mutations [37].

None of the tested TUBβ8 mutations show any phenotypic effect. It is interesting to note

that V353 residues in tubulin α and β are not at precisely equivalent positions in a sequence

alignment or in the structures of tubulin α and β (Fig I in S1 Text). V353 is a surface residue

in tubulin α, close to the longitudinal interdimeric interface, whereas in tubulin β, it is more

buried in the protein interior, but close to the intradimer interface, and thus it is unsurprising

that mutations at V353 could have different molecular effects in each isotype. It is possible that

the molecular effects of V353 mutations in TUBβ8 are too subtle to detect in our experimental

system. Alternatively, the evidence that V353I is a true pathogenic mutation in TUBβ8 is quite

limited. It was observed in a heterozygous state in a single patient with infertility, but it is

unknown if either of her parents also had the mutation [50]. Thus, another possible explana

tion for the poor computational prediction of TUBβ8 V353I is that it is not really pathogenic.

Discussion

Tubulinopathies have previously been associated with defects in cortical brain development

[15,57,63 66]. However, several pathogenic tubulin mutations reported in recent years are not

linked to neurodevelopmental diseases, and thus the phenotypical profile of ’tubulinopathies’

needs redefining. As the mechanisms by which tubulin mutations give rise to these disease

phenotypes are generally unknown, the extensive repertoire of newly identified mutations

now at our disposal provides an opportunity to study pathogenicity globally, across the tubulin

family.

The strong conservation in tubulin sequence and structure across isotypes [12], and the

lethality of tubulin mutations in yeast [67] might lead to the assumption that many pathogenic

mutations would cause protein instability and consequently a loss of function. However, this

appears not to be the case, with predictions of changes in protein stability showing very little

ability to discriminate between pathogenic and putatively benign mutations, with the excep

tion of a slight trend observed for TUBβ2B. There is some previous evidence for a loss of func

tion mechanism underlying some pathogenic tubulin mutations, e.g. the R264C mutation in

TUBα1A perturbs chaperone binding and reduces the extent of heterodimer assembly, which
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has been suggested to account for its pathogenic effects [25]. However, it appears that the over

all role of destabilisation in driving tubulin pathogenicity must be very limited.

Tubulin mutations can act via dominant negative or gain of function mechanisms, where

the mutant protein incorporates into the microtubule lattice and instead disrupts its function.

Fig 6. Effects of V353 mutants on microtubules and mitotic spindles in cells. (A) Representative live cell images of mitotic HeLa cells after being transfected

with fluorescently tagged wild type and mutant tubulin α1B and tubulin β8 constructs (green) and incubated with SiR tubulin (red) (B) Wide linescans across

the whole mitotic spindle were taken to measure fluorescence intensity of tubulin across the mitotic spindle compared to total tubulin. For each cell, two sided

Spearman correlations were calculated between both signal intensities. (C) Spindle length measurements for the cells transfected with fluorescently tagged

wild type and mutant tubulin α1B and tubulin β8 and measured in (B). For each construct, median values are displayed with 95% confidence intervals.

Asterisks indicate Kruskal Wallis test (with post hoc Dunn) significance values, ���, P< 0.001; ����, P< 0.0001. Bars, 5μm.

https://doi.org/10.1371/journal.pcbi.1010611.g006
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These effects have been reported in tubulins before and include mutations in TUBα1A [27]

and others across different tubulin β isotypes [28 32]. Once they are incorporated into micro

tubules, these mutations may alter biophysical microtubule properties or disrupt interactions

with MAPs. The latter model includes interactions with non motor MAPs, like NuMA and

PRC1 [31,32], and the impairment of motor protein binding and, subsequently, cellular trans

port [33]. The disruption of tubulin MAP interactions may be an especially pertinent mecha

nism given that mutations on protein protein interfaces are more likely to be pathogenic [68].

Here, multiple copies of mutant tubulin incorporated into microtubule can compound a

mutation’s effect. Also, some tissues express multiple tubulin β isotypes, especially in the

developing brain [69]. Here, redundancy may mitigate any loss of function in a specific iso

type, but cells struggle to cope with dominant negative or gain of function effects.

The classic definition of the dominant negative effect involves the mutant protein disrupt

ing the activity of the wild type protein, either directly or indirectly, whereas the phenotypic

effects of gain of function mutations are due to the mutant protein doing something different

than the wild type protein [26]. For most proteins that form relatively small complexes, classi

fication of a mutation as being associated with to either mechanism should usually be straight

forward. However, given the large size of microtubule assemblies and their diverse functional

roles, such classification may be ambiguous for tubulins. It depends on whether disease is due

to reduced microtubule function (dominant negative), or whether altered microtubule proper

ties are driving disease (gain of function). While here we have referred to TUBα1 V353I,

which incorporates into microtubules and reduces spindle length, as dominant negative, it is

possible that its pathogenic effects might be better described as gain of function. These assays

give limited data because of their lack of sensitivity. Further experimental work and more

quantitative assays are required to understand the effect of these types of tubulin mutations in

the cellular and molecular context.

The pathogenic mutations predicted most poorly tend to involve substitutions between

similar amino acids, with hydrophobicity and charges largely maintained between wild type

and mutant residues. This observation likely reflects the fact that most predictors incorporate

some manner of amino acid substation matrix, thus predicting more minor effects for variants

that do not change a residue’s charge or hydrophobic state. In contrast to more drastic muta

tions that tend to be better predicted, these mutations may be less detrimental to folding and

microtubule assembly. Indeed, this difference is likely to explain why we observed a weaker

co localisation to the mitotic spindle in the TUBα1 V353R mutant compared to V353I.

In this study, the performance of supervised predictors, and especially metapredictors like

REVEL and M CAP, highlights the issue of circularity present in these types of VEPs, which are

typically trained using published pathogenic and benign variants [70]. There is a strong likelihood

that some of these mutations are in training sets for these predictors. These biases would lead

metapredictors and supervised methods to predict mutations in isotypes linked with neurodeve

lopmental diseases as pathogenic correctly, while mutations in other isotypes would be predicted

poorly. This may explain why metapredictors performed so much worse on such mutations, espe

cially when compared to unsupervised methods like DeepSequence and PROVEAN.

We judge DeepSequence to be the best performing VEP, considering consistency across

isotypes and phenotypes. Unlike supervised methods, it does not use a labelled training set.

DeepSequence can also make predictions based on the evolutionary conservation of entire

sequences at once as opposed to no more than a few sites of interest, setting it apart from

many other VEPs [65]. Benchmarking several VEPs against deep mutational scanning data

also highlighted DeepSequence as the best pathogenicity predictor [62]. We, therefore, recom

mend using DeepSequence over metapredictors like REVEL and M CAP to achieve more

accurate predictions of tubulin variant pathogenicity.
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This study presents the tubulin family as a blind spot for current phenotype predictors,

especially in identifying mutations that result in non neurodevelopmental pathogenic pheno

types. Predictor biases due to their training sets introduce circularity and could limit predic

tions. The diversity of pathogenic phenotypes necessitates further study to understand the

molecular mechanisms underlying their pathogenicity. Experimental approaches to dissect the

effect of these tubulin pathogenic mutations on microtubule dynamics, microtubule assembly

and microtubule interactions with associated proteins would contribute to a better molecular

understanding of tubulinopathies [71 73]. These additional data could refine current pheno

type predictors and increase their performance.

For non neurodevelopmental phenotypes, pathogenic effects initially appeared to be iso

type specific, but this could be linked to where these isotypes are expressed and to what level,

or other unknown factors. For example, pathogenic mutations in TUBβ8 are associated to

female infertility, but males carrying these mutations would presumably present a healthy phe

notype [22]. Importantly, many tubulin mutations are currently reported as linked to a disease

or phenotype, but the evidence supporting causality is limited. It will be important to demon

strate whether the mutation is causative of pathogenesis or a consequence of other changes to

cell homeostasis or genome stability. A pragmatic experimental approach is therefore essential

to define the mechanism of pathogenesis associated with tubulin mutations. It will then be pos

sible to develop strategies to treat tubulin related disorders using a personalised medicine

approach.

Methods

Mutation datasets

A thorough literature search was first performed to identify as many pathogenic or likely path

ogenic missense mutations across the tubulin family as possible. While the recently released

tubulin mutation database [39] as well as others such as OMIM [74] and ClinVar [38] were

excellent starting points, mutations from other publications (especially ones reported recently)

were included (all detailed in Table 1). The literature search also uncovered a few other muta

tions that were incompletely dominant, homozygous, or of an unknown heritability, but these

were omitted from the study. Any mutations described as de novo were assumed to be hetero

zygous and hence also dominant. As the underlying mechanisms with pathogenic mutations

leading to cancer are likely to be more complex (and distinct), somatic mutations linked with

such phenotypes were excluded. A set of putatively benign missense mutations for each isotype

was retrieved from gnomAD v2.1 [40]. We excluded mutations present in both pathogenic

and gnomAD datasets and considered only isotypes with more than one pathogenic mutation.

Protein structural analyses

Three dimensional models of tubulin structures were taken from the protein data bank (PDB)

on 2020.05.27, using the first biological assembly from each entry to represent its quaternary

structure. We searched for polypeptide chains with at least 70% sequence identity to human

tubulin isotype over a stretch of at least 50 amino acid residues. This allowed structural analysis

using related structures for some isotypes for which structures are not available. Importantly,

we only considered those residues where the amino acid in the structure, as well as both adja

cent residues, are the same as in the sequence of the isotype of interest. Unless otherwise stated,

all structures that satisfy this threshold were considered. A hierarchy was implemented to

determine where a residue occurred on the tubulin structure concerning its function (Fig B in

S1 Text). First, we looked through all structures to highlight residues interacting with GTP (or

its analogues). Then, model structures were used (S2 Table) to determine whether the
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remaining residues occur on interfaces between the corresponding subunit in the tubulin

dimer or with MAPs and other tubulin dimers in the microtubule in that specified order. Resi

dues not present on any interface were mapped to the highest resolution structure within the

dataset. These mappings were used to classify residues according to their location, separating

residues on the surface (relative solvent accessible surface area>0.25) from ones at the protein

interior. Once every residue was labelled, their distribution was compared between mutations

in our pathogenic and gnomAD datasets. Finally, all mutations in tubulin α or β were consid

ered before moving on to specific isotypes with at least 5 identified pathogenic missense muta

tions, also using PyMOL [75] to confirm that these patterns could also be observed

qualitatively. To facilitate further analysis of tubulin mutations, we have provided a list of all

amino acids in tubulin α and β that are involved in protein protein or protein ligand interac

tions (S6 Table).

Structural predictions were then obtained from FoldX [60] for pathogenic and gnomAD

variants. Each mutation was mapped onto the highest resolution structure from the dataset

above. Here, the ΔΔG values were calculated considering the monomer only, as well as the

whole biological assembly, in the same manner as previously described [37]. All FoldX pre

dicted ΔΔG values are provided in S7 Table.

Computational variant effect predictions

Scores from VEPs were generated using the same pipeline as described previously [62].

Though most of the methods used failed to produce scores for the entire combined dataset, the

percentage of missing scores from each predictor did not exceed 7.8%, except for S3D PROF

and SNPs&GO 3D, which required PDB structures as inputs. For S3D PROF and SNPs&GO

3D, structures with the closest sequence identity were used, which have the following PDB

IDs: 5iyz (TUBα1A), 5lxt (TUBα4A), 4tv9 (TUBβ1), 5nm5 (TUBβ2A and TUBβ8), 4i4t

(TUBβ2B), 4lnu (TUBβ3), 5jqg (TUBβ4A and TUBβ4B) and 4zol (TUBβ5).

For plotting ROC curves, mutations from the pathogenic dataset were labelled as true posi

tives, with gnomAD variants marked as true negatives. The plots themselves, as well as the

AUC, were calculated using the PRROC package in R. Due to predictors PROVEAN, DeepSe

quence, SIFT4G and BLOSUM operating via inverse metrics (i.e. variants predicted to be

more damaging have lower scores), all scores were multiplied by 1 before plotting curves and

calculating AUC values. Finally, ROC AUC values were calculated globally across the whole

dataset for each VEP first before generating specific scores of each VEP for individual isotypes.

To calculate the MCD rankings, the datasets containing prediction scores for gnomAD and

pathogenic mutations were combined. Then, the cumulative distribution function was applied

to the collective scores obtained from each predictor using the cume dist function from the

DPLYR package on a per VEP basis. Each value represents the proportion of scores that are

less than or equal to the one obtained for that particular mutation from a specific VEP. Then,

the cumulative distribution scores from all VEPs were averaged for each mutation to generate

the MCD score.

Molecular cloning

The tubulin genes human TUBα1B (NM 006082.3) or TUBβ8 Class VIII (NM 177987.2)

were synthesised by Genewiz. The TUBα1B gene were cloned into pBABE blasticidin con

taining an N terminal mCherry tag [76]. An additional linker region (with sequence 5’

ATGAGGAGGGGCGCTGCCGATAGGGAAACTGAGAGGCTCCCCGGCGCA

CAAGGTCCGTGCAGTGCGGTCAGTGCGGCCAGCTCCACATTGGCCGCAG

PLOS COMPUTATIONAL BIOLOGY Understanding and predicting tubulin mutations

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010611 October 7, 2022 16 / 24



CAGCGGCCCCTCGTGCTCGGGCGACCGCTGCCGCGTCCACCCTCAGCGC

CACCGCCCTCGAG 3’) was also inserted between the N terminal mCherry tag and the start

of the tubulin sequence. The TUBβ8 gene was cloned into a pBabe blasticidin contanining a

C terminal GFP. Mutagenesis was performed using the Agilent Quickchange II mutagenesis

kit, as per the manufacturer’s instructions. While the TUBα1B sequence was used rather than

TUBα1A, where the V353I disease mutations has been identified, these are nearly identical,

with only two minor amino acid sequence differences between them (G versus S at residue 232

and T versus S at residue 340), neither being close to V353 in the three dimensional structure.

Cell biology and fluorescence imaging

HeLa cells were cultured and maintained in a humidified 5% CO2 atmosphere at 37˚C in

DMEM supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) and 10%

Fetal Bovine Serum (Gibco). Cells were plated on 35 mm glass bottom microwell dishes (ibidi)

for live cell imaging. Lipofectamine 3000 reagent (Invitrogen) was used for transient transfec

tions according to manufacturer guidelines. 24 48 hours after transfection, cells were incu

bated with 20 50 nM SiR tubulin dye (SpiroChrome) for 1 2 hours and transferred to L 15

medium (ThermoFisher Scientific) before imaging. Images were taken using a Nikon Ti2 live

imaging microscope were stored on OMERO [77], which was used to manually measure spin

dle length and width. ImageJ was then used to process the acquired images [78]. A region of

interest was drawn over the spindle length observed through the Cy5 channel (visualising SiR

tubulin), and intensity profiles were generated for this channel and the GFP or mCherry chan

nel (depending on the construct). These profiles were then background subtracted using the

average of the intensity profiles of two thinner lines on either side of the spindle. For each cell,

a two sided Spearman’s correlation coefficient was calculated between the fluorescent and

SiR tubulin intensity profile. OMERO was also used to calculate spindle length and width,

where the length was divided by width to obtain calculate the spindle aspect ratio. Plots were

visualised using GraphPad Prism 9, which was also used to carry out Kruskal Wallis tests

(with post hoc Dunn).
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Abstract

Cilia are small microtubule-based structures found on the
surface of most mammalian cells, which have key sensory
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and sometimes motile functions. Primary ciliary dyskinesia
(PCD) is a type of ciliopathy caused by defects in motile cilia.
The genetic basis of PCD is only partially understood. Study-
ing a cohort of 11 human patients with PCD, we find that
de novo mutations in TUBB4B, a beta tubulin isotype, cause
three distinct classes of ciliopathic disease. In vivo studies in
mice show that Tubb4b plays a specific role in cilia, building
centrioles and axonemes in multiciliated cells. Examining
the effects of specific TUBB4B variants in cells and in mice,
we further demonstrate that distinct TUBB4B mutations dif-
ferentially affect microtubule dynamics and cilia formation
in a dominant negative manner. Finally, structure-function
studies reveal that different TUBB4B mutations disrupt dis-
tinct tubulin interfaces. Importantly, these molecular differ-
ences correlate with disease features. We show that tubu-
lin heterodimer-impairing TUBB4B variants underlie non-
syndromic PCD, whilst additional renal and sensorineural
ciliopathic features in a syndromic PCD subtype arise from
microtubule lumenal interface-impaired TUBB4B variants.
These findings suggest that specific tubulin isotypes have dis-
tinct and non-redundant subcellular functions, and demon-
strate that human tubulinopathies can be drivers of ciliopathic
syndromes.

Introduction
The dynamic remodelling of microtubules drives diverse cel-
lular processes from organelle trafficking and chromosome
segregation to templating stable structures such as centrioles
and ciliary axonemes. Microtubules are highly conserved
polymers composed of alpha and beta tubulin heterodimers.
While organisms like Chlamydomonas reinhardtii have only
single α- and β-tubulin genes, humans possess 10 β-tubulin
isotypes, which can pair with one of the 9 isotypes of α-
tubulin. Single cell sequencing data reveals that tubulin iso-
types display both unique and overlapping expression pat-
terns across cell types and developmental stages. Distinct
tubulin isotypes, encoded by different genes, provide meta-
zoans with discrete transcriptional modules to meet the de-
mand for tubulin subunits that shift during development and
according to cell type (1–3). Coding sequence differences be-
tween isotypes within the same species suggest the possibil-
ity of functional differences between isotypes that could un-
derlie differences in the physical properties of microtubules
into which they are incorporated (4–7). This idea underlies
the concept of a ‘tubulin code’ in which expression of a given
set of isotypes, combined with specific post-translational
modifications, dictates the stability and mechanical proper-
ties of the microtubule lattices in which they assemble(3).
Whether specific subcellular or organelle-specific lattices ex-
ist within a cell remains unclear.
One such subcellular compartment with a distinct micro-
tubule architecture is the cilium. Although different cilia
types, in different tissues, may vary in their final structure,
function, size and number, they share certain conserved ele-
ments. All cilia originate from a basal body, a microtubule-
based structure derived from the cell’s centrosome. In the
cilium, microtubules are arranged into an axoneme, an axial

structure consisting of nine microtubule doublets (MTDs).
This arrangement is templated by the basal body, in which
microtubules are organized into nine triplets (MTTs). Tubu-
lin subunits are polymerized into protofilaments that are
radially interlinked within the MTDs and lengthened lon-
gitudinally at the cilia tip. Furthermore, all cilia utilize
conserved intraflagellar transport (IFT) machinery to ferry
key cargos, including tubulins, along the microtubule ax-
oneme from the cilia base to cilia tip and back. Unlike
other cytoskeletal networks in a cell, the microtubules of ax-
onemes are comparatively stable(8, 9) particularly in motile
cilia, which require considerable mechanical strength to per-
mit the motor-driven bending necessary to power fluid flow
across their surface(10, 11). In motile cilia, these additional
ATP-dependent axonemal dynein motors are placed regularly
along MTDs as outer and inner dynein arms which drive co-
ordinated cilia beat. Whilst conventional transmission elec-
tron microscopy suggests that these microtubule-based struc-
tural elements are similar across basal bodies and axonemes,
it remains unknown whether axoneme assembly and function
utilize specific tubulin isotypes.

Cilia are essential for embryonic development and are also
required postnatally, for vision, hearing, smell, respiration,
excretion and reproduction. Mutations in over 200 genes that
affect cilia structure and/or function result in a growing list of
over 40 conditions termed ciliopathies(12, 13). These can be
roughly divided into sensory and motile ciliopathies. Sensory
ciliopathies result from impaired signaling functions of pri-
mary cilia. They are associated with a spectrum of diseases,
ranging from lethal multiorgan syndromes to non-syndromic
forms like retinal dystrophy, which impact only a specific or-
gan. Motile ciliopathies affect the ability of motile cilia to
generate effective fluid flow(14), which can lead to defects in
mucociliary clearance and chronic airway disease as well as
hydrocephaly due to a build-up of cerebrospinal fluid in the
ventricles of the brain. The molecular basis for the clinical
heterogeneity observed amongst patients with ciliopathies –
even within each group - remains unclear.

Primary ciliary dyskinesia (PCD, OMIM: PS244400) is a
motile ciliopathy affecting the structure and function of
motile cilia lining the airways, the brain ependyma, the re-
productive tracts and the transient embryonic node structure
involved in left-right patterning during development. In pa-
tients with PCD, these cilia are static, beat in an uncoordi-
nated manner, or are completely absent (ciliary agenesis).
This can result in chronic respiratory disease, due to impaired
mucociliary clearance, as well as laterality defects (e.g., situs
inversus), hydrocephaly and infertility in a subset of patients
(15, 16). However, syndromic PCD, is very rare(13, 17);
PCD patients almost exclusively present with respiratory fea-
tures with or without involvement of other motile ciliated tis-
sues. The clinical and molecular diagnosis of PCD is chal-
lenging. It is a genetically heterogeneous disorder that has
significant phenotypic overlap with other more common res-
piratory diseases. Most cases are recessively inherited, due
to variants in 50 genes(18). Mutations in these genes only
account for 70% of PCD cases, indicating additional causal
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genes likely exist.
Here, we report that mutations in the beta tubulin subtype
TUBB4B are associated with a subgroup of PCD. These mu-
tations impact different functional interfaces of tubulin and
result in corresponding distinct presentations of ciliopathic
disease, some showing only PCD phenotypes and others ex-
hibiting a syndromic ciliopathy. Through computational,
cell-based structure-function analysis, and mouse knockout
studies, we define the role of TUBB4B in ciliary function
and the effect of disease-associated mutations on microtubule
dynamics and axoneme assembly. Furthermore, using engi-
neered disease variants in mice, we demonstrate a distinct
dominant-negative disease mechanism. Our study reveals an
organelle-specific function for TUBB4B that is not redundant
with other tubulin subtypes, and is consistent with the idea of
a tubulin code that operates at the subcellular level. These
findings also extend our understanding of tubulin-related dis-
orders outside their classical neurodevelopmental and degen-
erative features, for the first time linking tubulinopathies with
the spectrum of ciliopathic phenotypes.

Identification of de novo heterozygous
TUBB4B variants in PCD cases
To gain further insight into the molecular bases of PCD, we
undertook trio whole genome sequencing (WGS) in a cohort
of 8 clinically diagnosed PCD patients (Black et al 2022,
under revision). We were able to molecularly diagnose 7/8
patients with biallelic variants in known PCD genes. The
remaining patient P1 had ciliary agenesis revealed by ultra-
structural analysis, sometimes referred to as reduced gener-
ation of multiple motile cilia (RGMC), a specific subtype
of PCD. This patient also has shunted hydrocephalus. Hy-
drocephalus in human patients with PCD is rare, but occurs
most commonly by recessive inheritance in genes associated
with the RGMC phenotype such as CCNO and MCIDAS, or
by heterozygous dominant de novo mutations in the master
motile ciliogenesis transcriptional regulator FOXJ1. How-
ever, no pathogenic or potentially pathogenic variants were
identified in any of these genes (19–21), or in any other
known PCD genes either.
In this patient, however, we identified a de novo missense mu-
tation p.P259L (chr9:g.137242994:C>T (hg38)) in TUBB4B
(Extended data- Fig 1a). In collaboration with groups
internationally, we identified an additional unrelated ten
PCD patients with heterozygous, often recurrent, variants
in TUBB4B: five patients with p.P259L, one patient with
p.P259S (chr9:g.137242993:C>T (hg38)), one patient with
an in-frame ten amino acid duplication p.F242_R251dup
(chr9: g.137242941_137242970dup (hg38)) and three pa-
tients with p.P358S (chr9:g.137243290:C>T (hg38)) (Fig
1a-c, Extended data- Fig 1). Common clinical features
of airway disease including bronchiectasis were observed
across the cohort (Fig 1d,e) and in addition 6/11 patients
exhibited the less-commonly associated feature of hydro-
cephaly (Fig 1f,g, Extended data- Tables 1, 2). Whilst
8/11 patients presented with PCD only (PCD-only group:
p.P259L, p.P259S. p.F242_R251dup), the three patients with

the p.P358S substitution all also presented with Leber con-
genital amaurosis (LCA) associated with sensorineural hear-
ing loss (SNHL), and two out of the three patients also ex-
hibited renal symptoms- a syndromic phenotype suggest-
ing defects in several ciliated tissues (PCD+SND group).
These are all distinct from the recurrent TUBB4B missense
variants p.R391H or p.R391C previously reported to be re-
sponsible for a distinct sensory-neural disease (SND-only)
characterized by early-onset and severe retinal dystrophy
(EOSRD/LCA) associated with sensorineural hearing loss
(SNHL) in 4 unrelated families (22). Importantly, these 4
families report no rhinopulmonary features. This suggests
that dominant mutations in TUBB4B cause three clinical pre-
sentations: a solely motile ciliopathy (PCD-only), a solely
sensory ciliopathy (SND-only) or a novel syndromic form
impacting both motile and sensory cilia (PCD+SND).

TUBB4B mutations disrupt cilia and centro-
somes in patient respiratory cells

Regardless of genotype, strikingly similar cellular pheno-
types were observed in PCD TUBB4B patient-derived res-
piratory epithelial cells. These phenotypes include reduced
numbers of apically docked basal bodies as well as basal bod-
ies that fail to extend an axoneme (Fig 1h-l, Extended data-
Fig 2a-d). Axonemes that did extend were short and had bul-
bous tips displaying disrupted and misoriented microtubules
(Fig 1o-s, Extended data- Fig 2g-j’). In order to confirm
the ciliary agenesis phenotype, control and patient respira-
tory epithelial cultures were expanded and differentiated. Pa-
tient cells in culture displayed poor ciliation and a reduced
number of basal bodies (Fig 1t, Extended data- Fig 2k), in-
cluding fewer complete MTTs and apically docked centrioles
(Fig 1i,k,l,r,s).

PCD is most commonly caused by mutations that disrupt
the expression and assembly of the axonemal dynein motors
powering the cilia beat (23). Immunofluorescence of compo-
nents of these motors showed mislocalization of the motors
either to the cytoplasm or to the apical region of where cilia
should form in TUBB4B patient cells (Fig 1u,v, Extended
data- Fig 2l). Furthermore, acetylated tubulin, which nor-
mally marks axonemes, appears as cytoplasmic aggregates
(Extended data- Fig 2l,m). These results are consistent with
the observed axonemal defects, and suggest that axonemal
motors are still produced, even in the absence of axonemes.
Indeed, the rare axonemes that did form had inner and outer
dynein arms (Fig 1n) although with reduced motility (Fig
1w). Post-translational modifications of tubulin are a key part
of the tubulin code and are common on ciliary microtubules,
but patient cells show reduced levels of these marks on the
rare cilia observed (Extended data- Fig 2m). These defects
in centriole amplification, axoneme extension and tubulin
modification may underlie the defects in mucociliary clear-
ance observed in patients.
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Fig. 1. Distinct de novo TUBB4B variants cause PCD-only, SND-only or syndromic (PCD+SND) disease. (a) Schematic of patient phenotypes clustered on genotypes
and where they sit on the ciliopathic spectrum. Number of patients with each variant found in this study or Luscan(22) in superscript in brackets. Abbreviations: CHL:
conductive hearing loss; HCP: hydrocephaly; LCA: Leber congenital amaurosis; PCD: primary ciliary dyskinesia; RD: renal disease; SNHL: sensorineural hearing loss; SND:
sensory-neural disorder. (b) Schematic of protein with resulting changes highlighted below whilst previously reported SND variants are shown above. (c) Patient mutations
mapped onto an atomic model of TUBB4B (gold) with TUBA1 (purple). (d-g) Clinical features of PCD patients: (d) chest CT showing bilateral lower lobe bronchiectasis
(P1); (e) X-ray showing right middle lobe atelectasis (P2); (f) midline T1 sagittal image showing irregular corpus callosum secondary to earlier hydrocephaly (shunted), no
evidence of basal ganglia dysmorphology is observed, typical of most tubulinopathies (P1); (g) MRI showing dilated ventricles (P8). (h-s) Transmission electron microscopy of
healthy donor (h-j) and PCD patient nasal epithelia (k-s). Control ciliated epithelia (h), MTTs (i) and cross-section of control axoneme (j). Patient samples show misoriented,
internally docked (k) or reduced centrioles without axonemes (l) (P3), incomplete MTTs (P3) (m), and rare intact axoneme (P9) with both inner (blue arrowheads) and outer
(magenta arrowheads) dynein arms (n). Other patient axonemal defects include (o) missing doublets (P3), (p) singlet microtubules (P3) or (q) disrupted axonemes (P3).
Characteristic (r) rare short axonemes with bulbous tips (r, P3) or (s, P10). (t) Wholemount immunofluorescence of nasal epithelial cultures from unaffected mother and
patient (P9) (acetylated α-tubulin: green cilia; centrin: magenta, centrioles). (u,v) Immunofluorescence of healthy donor or patient (P2) cells for cilia axonemes (acetylated
α-tubulin: green) and dynein motor proteins (q: DNALI: inner dynein arms, magenta or r: DNAH5: outer dynein arms, magenta). (w) Cilia beat frequency of control and
patient (P9) airway cell cultures. Shown is the mean ± SEM derived from three experimental replicates. ***, p ≤ 0.001;∗ ∗ ∗∗,p ≤0.0001.

TUBB4B is essential for motile cilia assembly
in airway epithelial cells

To investigate the requirement for TUBB4B in vivo, we gen-
erated Tubb4b−/− homozygous protein null mice (Extended
data- Fig 3a-c). Tubb4b−/− are born at Mendelian ratios
(Fig 2a-c) but exhibit perinatal lethality with runting (Fig
2b,c) and hydrocephaly (Fig 2d), both features often asso-
ciated with motile cilia dysfunction in murine models. We
observed defects in surviving male spermatogenesis (Fig 2g)
and similar defects in the multiciliated cells of the oviduct
with reduced cilia numbers and lengths (Extended data-
Fig 3j). The lack of overt skeletal or growth phenotypes in
Tubb4b−/− neonates suggests that TUBB4B is not required
for embryonic development, where primary cilia play key
roles. Indeed, Tubb4b−/− primary cilia in primary fibrob-
lasts show normal numbers and lengths (Extended data- Fig
3d-f).
To examine the effects of mutations on motile cilia function,
we first evaluated the hydrocephalus phenotype. This phe-
notype can be caused by defects in motile cilia on ependy-
mal cells, which generate cerebral spinal fluid flow. Given
that 75% of the PCD-only cohort of patients also had hy-
drocephaly, we expected to see defects in the multiciliated

ependymal cells lining the ventricles. Mutant animals exhib-
ited pronounced and progressive dilatations of the ventricles
neonatally without obstruction of aqueducts, suggesting com-
municating hydrocephalus (Fig 2d). We observed profound
reductions in cilia number and length in choroid plexus cells
involved in cerebral fluid secretion and regulation (Fig 2e).
However, motile cilia on ependymal cells had grossly normal
lengths and densities (Fig 2f). The function of ependymal
cilia was further examined ex vivo (Extended data- Fig 3g-i)
and we found no significant difference in ciliary beat patterns
or frequency, again with grossly normal cilia numbers and
lengths. These data emphasize that, despite the similarities
in molecular cascades driving multiciliogenesis between tis-
sue types in mammals, lack of TUBB4B does not cause overt
ependymal ciliary defects as it does on the adjacent choroid
plexus epithelial cells.
In other tissues, we observed defects in the number and
length of Tubb4b−/− tracheal cilia (Fig 2h,i). Tubb4b−/−

centrioles also fail to amplify, and exhibit partially formed
MTTs and some docked basal bodies with rare stumpy ax-
onemes (Fig 2k-r). These data suggest a unique role for
TUBB4B as a critical ‘limiting component’ for organelle size
control and scaling in airway epithelial cell cilia.
Strikingly, in the absence of TUBB4B other cytoskeletal
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Fig. 2. Tubb4b is specifically required for axoneme formation in motile ciliated tissues in vivo. (a-c) Tubb4b−/− animals exhibit postnatal runting (a) (imaged
at P16), starting from P2 (b), and increased postnatal lethality (c) with more than 75% of animals dying before P21. (d-f) Tubb4b−/− animals display hydrocephaly (d)
(imaged at P15). Choroid plexus multicilia are profoundly disrupted (e) whilst ependymal cilia appear to have largely normal numbers and lengths (f). (g-i) Tubb4b−/−

animals exhibit male infertility with defects in spermatogenesis (g) (imaged at P22) and pronounced absence of cilia in airway epithelia like trachea by histology (h) and
whole-mount immunofluorescence (i). (j) Mass spectrometry of differentiating wild type mouse tracheal epithelial cell cultures revealed many unique β-tubulins are detected.
(k-r) TEM from control littermate (k,l) and Tubb4b−/− mutants (m-r) showing misoriented and non-docked centrioles without axonemes (magenta arrowheads), as well as
partial centrioles (cyan arrowheads) (m). Mutant Tubb4b−/− axonemes display missing microtubule doublets (n) (white arrowhead), missing central pair apparatus (o) and
microtubule singlets with disrupted organization (p). Within the mutant cytosol, partial centrioles and centrioles with microtubule doublets instead of triplets are common (q, r).
(b,c) N= 211 mice. (e, f, i) Fibroblast Growth Factor Receptor 1 Oncogene Partner (FOP): yellow; acetylated α-tubulin: magenta; actin: cyan. Scale bars represent: 2.5 mm
(d), 5 µm (e), 20 µm (f), 100 µm (g), 50 µm (h), 10 µm (i), 500 nm (k, m, o), 100 nm (l, n) and 300 nm (q, r). (b, j) Graphic bars represent the mean ± SEM derived from N>3
animals per time point (l) and (j) N> 3 biological replicates per time point. Student’s t-test ns, not significant; *, p ≤ 0.1;∗∗,p ≤ 0.01;∗ ∗ ∗,p ≤ 0.001;∗ ∗ ∗∗,p ≤ 0.0001.

processes looked grossly normal including apical-basal pat-
terning in the pseudostratified epithelium. Examination of
unique peptides for different tubulin isotypes in total pro-
teomic datasets from control tracheal cultures across differ-
entiation (air-liquid interface day 4 (ALI4): centriole ampli-
fication, ALI10: early ciliogenesis) showed that many dif-
ferent β tubulin isotypes are expressed during airway epithe-
lial differentiation (Fig 2j). However, there is an induction
of TUBB4B during early ciliogenesis, whilst its paralogue
TUBB4A, different by only 7 amino acids, shows a reciprocal

expression pattern. This suggests that while other β-tubulins
in multiciliated airway cells are expressed across windows
where centrioles and cilia are being built, TUBB4B fulfils
a unique role in ciliogenesis and is essential for formation
of multiple motile cilia in the respiratory epithelium. Thus,
TUBB4B is a cilia-specific tubulin.
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Fig. 3. Disease-causing TUBB4B variants alter microtubule dynamics and ciliation. (a) Incorporation into the microtubule lattice of RPE1 cells transiently overex-
pressing wild-type (WT), p.P259L, p.P259S, p.P358S, p.R391C and p.R391H TUBB4B variants, analyzed by immunostaining of FLAG-tagged TUBB4B (green) and α-tubulin
(magenta) protein in steady-state. DAPI is used to label the nucleus. (b) Quantification of percentage colocalization of FLAG and α-tubulin staining of RPE1 cells transiently
overexpressing TUBB4B variants. (c-e) Ciliogenesis of 24 h serum-starved RPE1 cells overexpressing variants, observed by immunostaining of FLAG (cyan), acetylated
α-tubulin (magenta) and pericentrin (yellow). DAPI is used to label the nucleus. Acetylated tubulin only channel (lower panel) with transfected cell cilia highlighted by magenta
arrowhead. Rates of (d) ciliation and (e) cilia lengths were quantified. (f) Microtubule network dynamics analysis of RPE1 cells overexpressing TUBB4B variants, showing
immunostaining of FLAG-tagged TUBB4B (green) and EB1 (magenta) protein upon repolymerization at 37 °C for 4 minutes. DAPI is used to label the nucleus. EB1 alone
channel (lower panel) with transfected cell highlighted by magenta arrowhead to illustrate variant effects on dynamics. (g,h) Quantification upon repolymerization at 4 (g) and
6 (h) minutes. See Extended data- figure 4 for representative images across cold-induced depolymerization and repolymerization. (i-k) Lysates from stable IMCD3 cells
expressing ALFA-tagged human TUBB4B patient variants were affinity purified (ALFA beads) and loaded for immunoblot against ALFA (i), α-tubulin to examine heterodimer
assembly (j) and TBCD, a chaperone involved in tubulin heterodimer assembly pathway (k). Scale bars represent: (a, c, f) 10 µm. Graphic bars represent the mean ± SEM
derived from three experimental replicates. ns, not significant; *, p ≤ 0.1; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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TUBB4B variants differentially impact MT dy-
namics and heterodimer formation

In order to understand how different TUBB4B mutations
might affect microtubule dynamics and ciliation, we used
transient overexpression of human FLAG-tagged proteins
in RPE-1 cells. We compared the effects of wild-type
and disease-associated variants of TUBB4B (Fig 3). PCD-
only TUBB4B variants (p.P259L/S) failed to strongly colo-
calize to microtubules (Fig 3a,b) and the PCD+SND syn-
dromic variant (p.P358S) had reduced colocalization. In con-
trast, microtubule localization was minimally affected for
the SND-only variants (p.R391H/C). Under serum-starvation
conditions to induce ciliogenesis, we also examined effects
of TUBB4B variants on cilia length and numbers (Fig 3c-e).
We measured the kinetics of microtubule depolymerization in
cells expressing these different TUBB4B variants by tracking
the number and lengths of microtubules bound to the end-
binding protein EB1 after cold shock followed by repolymer-
ization (Extended data- Fig 4). PCD-only TUBB4B variants
(p.P259L/S), which showed low incorporation into MTs in-
cluding those of the centrosome, had no observable effects
on cytoplasmic MT dynamics (Fig 3f-h), but profoundly de-
creased cilia number and length (Fig 3c-e). In contrast, the
syndromic PCD+SND TUBB4B variant (p.P358S) localized
to centrosomes upon repolymerization but strongly impeded
number and length of repolymerizing cytoplasmic MTs, as
well as decreasing the number and length of cilia (Fig 3c-
h). The SND-only variants (p.R391H/C) showed interme-
diate effects on MT dynamics, and only modestly affected
the length of primary cilia (Fig 3c-h). Importantly, overex-
pression of wild-type TUBB4B slightly increased cilia length
without disrupting rates of ciliation or microtubule dynam-
ics (Fig 3c-h). These findings suggest each of the disease-
causing variants acts in a dominant manner but via differing
mechanisms to disrupt microtubule biology.
To gain insight into the molecular mechanisms by which dif-
ferent PCD-causing TUBB4B variants disrupt tubulin het-
erodimer assembly, we next generated stable cell lines ex-
pressing control and PCD-causing TUBB4B variants. While
all constructs were equally translated in vitro (Extended
data- Fig 5a), the three PCD-only variants (p.P259L,
p.P259S, Dup) in mammalian cells drastically impaired α/β
heterodimer formation. Importantly, p.P358S does not af-
fect binding to α-tubulin (Fig 3i,j). Moreover, p.P259L and
p.P259S also co-purify with TBCD (tubulin folding co-factor
D), one of the five co-chaperones required for assembly and
disassembly of the α/β tubulin heterodimers (Fig 3k, Ex-
tended data- Fig 5b). This suggests these PCD-only variants
are stalling during the tubulin biogenesis cycle. We purified
in vitro recombinant human wild type TUBB4B and PCD
variants co-expressed with human TUBA1A and could con-
firm that wild type TUBB4B/TUBA1A formed heterodimers
robustly in this system (Extended data- Fig 5c). The syn-
dromic PCD+SND p.P358S variant appeared relatively sta-
ble in this system, with only a moderate reduction in het-
erodimer formation (Extended data- Fig 5h,i), suggesting a
mechanism of action downstream of heterodimer assembly.

Again the three PCD-only variants disrupted formation of
TUBB4B/TUBA1A heterodimers as none could be detected
by affinity purification of α-tubulin when expressed in insect
cells (Extended data- Fig 5d-g).
Together this demonstrates how PCD-causing TUBB4B mu-
tations disturb centriole number and axoneme size by disrupt-
ing heterodimer assembly (PCD-only variants) or disrupting
polymerization (PCD+SND) in an organelle-specific manner.

Mouse and patient cell models demonstrate a
dominant negative effect of PCD-associated
mutations
To further test the idea that the TUBB4B mutations have a
dominant negative effect, we turned to mouse models. If,
as proposed, the mutant TUBB4B variants act in a dominant
negative manner in vivo, we could expect to see different phe-
notypes in heterozygotes carrying single patient Tubb4b mu-
tations versus null mutations (haploinsufficiency). We there-
fore used CRISPR-Cas9 mediated genome editing to engi-
neer in mice the Tubb4b patient variants carried in PCD-
only (p.P259L, p.P259S), syndromic PCD+SND (p.P358S)
and SND-only (p.R391H) patients, as well as deletion alle-
les (Fig 4a, Extended data- Fig 3a, Extended data- Fig
6a). We were able to establish the two independent Tubb4b
null lines from deletion founder animals (Extended data-
Fig 3a-c), which as heterozygous animals displayed no re-
duction in airway cilia length (Extended data- Fig 3d,e)
or fertility defects (Extended data- Fig 3m). These two
Tubb4b+/− mouse lines also exhibited normal neonatal sur-
vival and growth (Extended data- Fig 3n).
Founder mice carrying PCD-causing mutations exhibited in-
creased postnatal lethality compared to founders carrying a
range of deletion alleles (Fig 4b). They developed pro-
nounced hydrocephaly neonatally Fig 4c,d) in addition to de-
fects in mucociliary clearance within the upper airways (Fig
4e), with loss of multicilia throughout the respiratory epithe-
lium (Fig 4g,h). Moreover, we were unable to transmit any of
the PCD variants because surviving founders exhibited both
male and female infertility (Fig 4f). These mice therefore
phenocopy PCD patients.
In contrast, we were able to generate a mouse line carry-
ing the SND-only Tubb4b p.R391H variant (Extended data-
Fig 6a,b), although males remained infertile due to defects
in spermatogenesis (Fig 4i). Tubb4b p.R391H/+ mice did
not develop any retinal degeneration (Extended data- Fig
6c-e) even when aged, potentially due to differential ex-
pression of Tubb4b between mouse and human photorecep-
tors (Extended data- Fig 6f). We observed a significant
(20%) reduction in airway cilia length (Fig 4j-l) in Tubb4b
p.R391H/+ mice, indicating a dominant effect as we could
confirm TUBB4B protein levels were identical between con-
trol and p.R391H/+ littermates in vivo (Fig 4m). However,
perhaps because of the different physiology of photorecep-
tors in mice and humans, SND TUBB4B mutations in mice
do not recapitulate the phenotypes of human SND patients.
To test this directly in human airway nasal epithelia cul-
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Fig. 4. TUBB4B variants act via distinct molecular mechanisms and support dominant negative mechanisms of disease in vivo. (a) Schematic of the human
p.P259L/S (PCD-only, red or magenta), p.P358S (syndromic PCD+LCA, blue) and p.R391H (SND-only, purple) mutations and two truncating mutations (p.D249Lfs*29 and
p.N256Yfs*32, null alleles (black)) generated by genome editing on the mouse Tubb4b mRNA (top) and protein (bottom). (b-h) Mice carrying patient variants showed
decreased perinatal fitness and survival (b), as well as male and female infertility. (b) Kaplan-Meier graph showing that founder mice carrying patient variants have died
either spontaneously or secondary to euthanasia for health concerns. (c-h) p.P358S founder animals exhibited pronounced hydrocephaly (c,d) and mucopurulent nasal plugs
(e). Mutant mice showed profound defects in spermatogenesis (f) and loss of tracheal cilia by histology (g) or whole-mount immunofluorescence (h) (acetylated α-tubulin:
green, ARL13B: magenta). (i-m) R391H/+ animals showed no decrease in fitness or survival and females were fertile allowing a line to be established (see also Extended
data- figure 5). Males were infertile and showed defects in spermatogenesis (i). Mild defects in the length of cilia on tracheal cells by histology (j) or immunofluorescence
(k) (acetylated α-tubulin: magenta) (l). Mass spectrometry of trachea extracts quantifying TUBB4B protein levels (m). (n) Quantifiecation by mass spectrometry for unique
TUBB4B peptides from nasal brush epithelial cultures from healthy controls, a PCD-only patient (red, p. P259L) or syndromic PCD+SND patient (blue, p.P358S). (o) RNASeq
from nasal brush epithelial cultures of healthy controls or a patient with PCD-only (red, p. P259L) or syndromic PCD+SND (blue, p.P358S) revealed significant upregulation of
TUBB4B, TUBA1A and TPPP3 transcripts only in p.P259L patients. f. Healthy control human BECs treated the same way as (e). (N=9 represents experimental replicates).
(p) Targeted analysis of RNASeq revealed a significant upregulation in the tubulin chaperone transcripts in PCD-only (red, p. P259L) samples. bars represent: 2.5 mm (d),
500 µm (e), 250 µm (f), 100 µm (i), 50 µm (g), 25 µm (j) and 10 µm (h,k). (l, m) Graphic bars represent the mean ± SEM derived from N=2 biological replicates, n>20
cells/replicate (l) and N= 3 biological replicates. Student’s t-test ns, not significant; ****, p ≤ 0.0001.

tures, we carried out proteomic and transcriptomic analy-
ses on lysates from healthy donors and patients carrying the
p.P259L and p.P358S respectively. Due to high conservation
between tubulin isotypes, only a single peptide can be used to
uniquely identify human TUBB4B in total proteomes. Com-
parable levels of TUBB4B were detected between controls
and both patients (Fig 4n), ruling out haploinsufficiency as
a disease mechanism. Bulk RNASeq for these two patients
and controls revealed distinct molecular signatures. Only
the p.P259L patient samples displayed a two-fold increase in
TUBB4B mRNA (Fig 4o) and concomitant increase in mR-
NAs encoding TUBA1A and TPPP3, a microtubule polymer-

izing protein (Fig 4o). This is consistent with a tight reg-
ulatory control to ensure the appropriate balance of α and β
subunits(24, 25). In keeping with this concept, there is upreg-
ulation of the mRNA encoding TBCA and TBCB the tubulin
chaperones involved in binding and stabilizing the nascent
α-tubulin and β-tubulin protein, respectively (Fig 4p). These
tubulin autoregulation signatures are not observed in the syn-
dromic PCD+SND p.P358S samples, consistent with tubulin
heterodimer assembly proceeding normally with this variant
(Fig 3j).
Together these data indicate that the mode of action of these
disease-causing variants is not haploinsufficiency. Despite
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Fig. 5. Structural environment of disease-causing variants of TUBB4B (a) Cross section of the human MTD (PDB ID: 7UNG) highlighting proteins that interact with
TUBB4B residues associated with disease. The MTD is the conserved cytoskeletal element of both primary and motile cilia, consisting of a complete A-tubule with 13
protofilaments (PFs) and an incomplete B-tubule with 10 PFs. (b) The tubulin isotypes that form respiratory axonemal MTDs were determined using sidechain density from
the 3.6-Å resolution structure of a human MTD (26). Examples showing how the density corresponding to each site of variation was used to ‘fit’ or to discriminate between
candidate residues. After performing this sequence comparison at every variable residue, we determined that the amino acid sequence of TUBB4B was the best fit to the
density. (c) Orthogonal views showing the positions of disease-causing variants of TUBB4B within the context of the ciliary microtubule doublet (MTD) lattice. The human
tubulin isotypes (TUBA1A (purple) and TUBB4B (gold)) were determined based on the cryo-EM density map of human respiratory MTD (26) and their abundance in human
multiciliated respiratory cells by single-cell RNA-sequencing(27). Variants are coloured based on their disease association and their positions within the TUBB4B model
marked with spheres. Only one TUBB4B molecule is shown in the cross-section view (right). R391 is not visible at this angle. (d) Interaction of R391 of TUBB4B with the
microtubule inner protein (MIP), CFAP126. (e-f) p.P259 and loop p.F242-R251 locate at the intradimer interface. (g) p.P358 locates at the taxol binding site which interacts
with multiple MIPs including, for example, PIERCE2, as shown on the right.

a decreased intrinsic propensity for the PCD-only variants
to assemble into microtubules, transcriptional upregulation
of TUBB4B itself and its chaperones ensure that some level
of mutant protein exists, consistent with a dominant-negative
effect. Overall, this suggests a complex series of dominant-
negative phenotypes through distinct modes of action on mi-
crotubules for each ciliopathy subtype. In the case of mice
carrying PCD-causing Tubb4b mutations, these models phe-
nocopy many patient features, at both cellular and physio-
logical levels, consistent with acting in a dominant negative
manner to disrupt centriolar and ciliary microtubules.

Different TUBB4B variants differentially lo-
calize according to clinical phenotype
Although TUBB4B is widely expressed, our mouse knock-
out studies indicated an essential and non-redundant func-
tion for this β-tubulin isotype in building airway cilia. In
order to understand why, we undertook a structural approach
by examining our 3.6 Å resolution cryo-electron microscopy
(cryo-EM) structure of the human MTD in axonemes of air-
way multiciliated cells (26)(Fig 5a). We could assign both
α- and β-tubulin isotypes, based on their sidechain density.
After evaluating each residue of the candidate isotypes, we
determined TUBB4B to be the best fit to the density map and
the predominant β-tubulin isotype making up airway cilia ax-
onemes in vivo (Fig 5b). Thus structural analysis further con-
firms our findings that TUBB4B is a cilia-specific tubulin, in

spite of many other β-isotypes being highly expressed within
this cell type.

TUBB4B variants associated to the three different pheno-
typic classes of disease (SND-only, PCD-only or PCD+SND)
were distributed distinctly on the structure of the protein, both
within and between tubulin heterodimers (Fig 5c, Extended
data- Table 3). The previously reported SND-only TUBB4B
variants p.R391H and p.R391C (22) localized to the interface
between adjacent tubulin heterodimers (Fig 5d). The SND
p.R391H/C mutations are moderately destabilizing but pre-
dicted to more strongly affect longitudinal interactions with
the adjacent α-tubulin in neighbouring heterodimers. Several
other pathogenic missense mutations have been reported in
mostly neurodegenerative disorders at this position in other
isotypes including TUBB4A p.R391H/L, TUBB3 p.R391L,
TUBB2A p.R391H and TUBB8 p.R391C, where these mu-
tations are predicted to disrupt microtubule stability(28, 29).

In contrast, the PCD-only TUBB4B variants involve residues
not previously associated with human disease. In the PCD-
only group (p.P259L/S, p.F242_R251dup) variants localized
to the intradimer interface, the interface between each α- and
β-subunit of a tubulin heterodimer (Fig 5e,f). Both missense
mutations at P259 are predicted to be moderately destabiliz-
ing but are more likely to affect the interface with α-tubulin
(Extended data- Table 3). A similar disruption of this in-
tradimer binding interface by the p.F242_R251dup is ex-
pected, although the effects of an insertion mutation on pro-
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tein stability are more challenging to predict.
The PCD+SND syndromic variant (p.P358S) was within the
intralumenal face, close to the antitumour drug taxol binding
site (Fig 5g), where treatment promotes lateral aggregation of
taxol-bound protofilaments into stabilized MTs(30). It is also
a position known to interact with many microtubule inner
proteins (MIPs)(31). The p.P358S mutation is predicted to be
moderately destabilizing and it could also disrupt TUBB4B
interactions at the intralumenal side of protofilaments, po-
tentially with MIPs or lateral interactions between protofil-
aments. p.P358L/A/S mutations have also been reported in
TUBB8, associated with female infertility(32).
Our combined analysis shows that different TUBB4B muta-
tions disrupt distinct molecular aspects of β-tubulin and these
translate into different ciliopathic disease phenotypes. How
these mutations impact tubulin heterodimers and their assem-
bly into higher order structures within cilia and centrioles dic-
tates whether patients present with purely motile ciliopathy
features, purely sensory ciliopathy features or a novel syn-
dromic form affecting both cilia types.

Discussion
Given that cilia are by definition microtubule-based or-
ganelles, it is perhaps surprising that mutations in tubulin
genes have not previously been reported amongst the cil-
iopathies. This could suggest a high level of redundancy ex-
ists amongst isotypes capable of building cilia. However, our
human disease and mouse genetic data indicate that TUBB4B
is expressly required for the construction and function of cil-
iary axonemes. We find that disease-causing TUBB4B vari-
ants act in a dominant negative manner to cause a spectrum
of ciliopathic diseases. Their locations within the β-tubulin
molecule create different effects on heterodimer assembly
and polymerization into higher order structures of MTDs and
MTTs, to impact organelle number and axoneme size. These
findings explain the different disease presentations in patients
carrying variants affecting distinct β-tubulin surfaces.
Differences in patterns and levels of tubulin isotype expres-
sion, including TUBB4B, likely explain why certain special-
ized cilia and tissues are more affected by TUBB4B mu-
tations (Fig 6). In some axoneme types, like those of
MTDs of respiratory cilia (26, 33), we demonstrate that
only one predominant β-tubulin isotype is utilized. Thus,
in these cilia, mutations that inhibit heterodimer assembly
completely disrupt centriole biogenesis and axoneme elon-
gation, thus explaining why PCD-only phenotypes are ob-
served; other isotypes cannot compensate. In other tissues,
where a ‘mix’ of tubulin isotypes may be used to build differ-
ent ciliary axonemes, TUBB4B variants in PCD-only patients
(or in KO mice) do not efficiently integrate into these struc-
tures, but other isotypes could compensate and cilia function
would not be compromised. Hence, heterodimer-impaired
TUBB4B mutations result in PCD-only phenotypes. In con-
trast, the syndromic PCD+SND variant (p.P358S) can ro-
bustly integrate into axonemes and thereby disrupt the lat-
tice to cause additional sensory and renal disease phenotypes,
in any tissues where TUBB4B is highly expressed. In the

polymerization-impaired TUBB4B variants found in SND-
only patients (p.R391H/C), we observed less dramatic ef-
fects on cilia length in vivo and in vitro. This is consistent
with more subtle structural defects on the kinetics or stability
of axonemal microtubules into which such variants integrate,
and a tissue-specific sensitivity to dysfunction leading to sen-
sory ciliopathy features.

Within the tubulin code, differences based on expression of
isotypes likely underlies some phenotypic differences ob-
served between species. For example, the lack of Tubb4b
expression in mouse compared with human rod photorecep-
tors may explain the lack of an eye phenotype in Tubb4b
p.R391H/+ aged mice (34, 35) (Extended data- Fig 6c-
e). Expression data suggests that alternate β-tubulin iso-
types support this role in mice (Extended data- Fig 6f).
Similarly, whereas fertility in TUBB4B LCA patients ap-
pears normal(22), the loss of TUBB8, a TUBB4B paralogue
uniquely expressed during female gametogenesis, leads to re-
productive phenotypes (36). Yet mouse Tubb4b is expressed
in multiciliated cells of the reproductive tract of both males
and females, and here fertility defects occur in both male and
female Tubb4b KO mice (37).

It remains unclear whether different tubulin isotypes are able
to compensate for bespoke properties needed to withstand
the high mechanical demands of cilia motility and the high
structural order of MTDs. In some contexts, such compen-
sation appears likely. In mouse ependymal cells, for ex-
ample, which express high levels of Tubb4b and show a
tubulin isotype expression pattern similar to ciliated airway
cells (Extended data- Fig 3o), centriole amplification and
ciliogenesis are nevertheless grossly normal in the absence
of TUBB4B. This observation suggests that other isotypes
may compensate for the loss of TUBB4B function, includ-
ing the highly similar TUBB4A(38). These observations are
consistent with Drosophila studies suggesting that only iso-
types with a particular amino acid sequence in the carboxyl
terminus (EGEFXXX) are required for normal axonemal
function(1, 6, 39, 40). This motif is only found in TUBB4A
and 4B in mammals (and TUBB8 in humans), and is the site
of heavy post-translational modifications that are associated
with cilia stability. These findings raise the interesting pos-
sibility that mammalian TUBB4A/B is a motile cilia-specific
β-tubulin required for the unique mechanical and structural
properties of motile axonemes (41). Some of these out-
standing questions might be solved by improved spatial pro-
teomics, using strategies such as non-disruptive endogenous
tagging of tubulin genes, to determine which tubulin isotypes
localize to which microtubule networks across time and cel-
lular space in vivo.

Based on our findings, we propose that TUBB4B acts as
a regulator of cilia and centriole number and size in mul-
ticiliated cells. In this model, local concentrations of β-
tubulin would be enough to control rates of polymeriza-
tion into higher order structures, thus acting as a ‘limiting
factor’(42, 43). Although tubulin overexpression in isolated
axonemes is sufficient to induce ectopic hook- or C tubule-
like structures (44), we find genetic mutations that effec-

10 | medRχiv Mechaussier, Dodd et al. |

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.19.22280748doi: medRxiv preprint 



Fig. 6. Patient TUBB4B variants cause distinct clinical phenotypes depending on how they disrupt tubulin stability and polymerization. A model showing how
specific TUBB4B variants confer distinct de novo, dominant negative mechanisms of disease. Pathogenic variants which partially destabilize TUBB4B and deplete heterodimer
pools phenocopy the null mutations- no other isotype can compensate. They cause PCD-only because in other tissues with other isotypes, other TUBBs compensate.
Importantly, although these PCD-only patient variants affect stability, this is not haploinsufficiency as shown by RNASeq and proteomics, as well as a lack of phenotype
in heterozygous KO mice. In contrast, P358S which poisons the lattices such that new heterodimers also don’t integrate well, means effective concentration-dependent
polymerization during multiciliogenesis also fails causing PCD. However, some P358S TUBB4B also integrates and thus poisons these mixed isotype lattices in other tissues,
causing syndromic PCD+SND disease. For the SND-only patient variants, these affect rates of polymerization such that changes in airway cilia length are seen, but animals
are not grossly affected. These do affect stability of photoreceptors, likely through the connecting cilium in humans, but not in mice. In short, our patient defined de novo
mutations have differential effects on tubulin heterodimer stability and polymerization rates, hence affecting different tissues differently, and support a role for TUBB4B as a
subcellular specific isotype and a ‘limiting factor’ for building centrioles and cilia on scale.
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and processed with the Sisson-Ammons Video Analysis sys-
tem (Ammons Engineering, Mt. Morris, MI, USA) and an-
alyzed using established methodologies(50). Cilia beat fre-
quency was analyzed in at least 4 fields obtained from each
cell preparation. Cells were collected under approval from
appropriate local authorities including Washington Univer-
sity institutional Review Board (IRB) approval, the London-
Bloomsbury Research Ethics Committee and the local ethics
committee DC-2008-512, Paris-Necker.

Transmission electron microscopy. Airway biopsies were
immersed in 2.5% glutaraldehyde and processed by standard
procedures for transmission electron microscopy ultrastruc-
tural analysis(51). Ultrathin sections were examined at a final
magnification of 60000x without knowledge of the clinical
data.

Air liquid interface culture- human. Primary human nasal ep-
ithelial cells were expanded at 37 °C in media selective
for basal cells (PneumaCult™- Ex Plus Medium Stemcell™
Technologies, Cambridge, UK) or specialized media51. At
80% confluent basal cells were dissociated and seeded into 6
mm transwell inserts (Corning® Transwell® polyester mem-
brane cell culture inserts, Flintshire, UK). Once a conflu-
ent base monolayer had formed, the apical fluid was re-
moved and the basolateral fluid was replaced with ALI me-
dia (PneumaCult™-ALI Medium, Stemcell™ Technologies,
Cambridge, UK) to promote differentiation. Experiments
were performed once cells had been at ALI for at least
3 weeks and were fully differentiated into ciliated epithe-
lium. For RNA and proteomic studies, transwell insert
membranes with cells were cut out and stored in RNAlater
(ThermoFisher) or snap frozen respectively at -80 °C un-
til use. Cell preparations were maintained in culture for
four to 12 weeks. Cells were collected under approval from
appropriate local authorities including Washington Univer-
sity institutional Review Board (IRB) approval, the London-
Bloomsbury Research Ethics Committee and the local ethics
committee DC-2008-512, Paris-Necker.

Human proteomics studies- in gel digestion. Frozen cell pel-
lets of cultured primary nasal epithelia from healthy unrelated
controls or unaffected parent with parallel cultures from pa-
tient samples (p.P259L (P1), p.P358S (P9)) were lysed in 2%
SDS in PBS and resolved by SDS-PAGE. Each insert was
treated as an experimental replicate and graphed separately.
Aiming to enrich for tubulin peptides, gel sections (between
molecular weight markers of 37-75 kDa) were cut out further
dissected into 1 x 1 mm2 fragments. These were dehydrated
with acetonitrile (ACN), reduced with 10 mM DTT and 50
mM ammonium bicarbonate (AB) for 20 min at 56 °C, fol-
lowed by alkylation with 55 mM iodacetamide and 50 mM
AB for 1 h RT. Samples were washed by sequential dehy-
dration/hydration steps alternating between ACN and 50 mM
AB. Then, samples were digested with trypsin (Promega)
at 37 °C for overnight, extracted with 0.1% trifluoroacetic
acid (TFA) and 80% ACN 0.1% TFA. The combined eluates
were concentrated in a CentriVap Concentrator (Labconco)

and loaded onto StageTips. The tryptic peptides eluted from
StageTips (80% ACN, 0.1% TFA) were lyophilised and re-
suspended in 0.1% TFA. Samples were analysed on a Q
Exactive plus mass spectrometer connected to an Ultimate
Ultra3000 chromatography system (Thermo Scientific, Ger-
many) incorporating an autosampler. 5µL of each tryptic
peptide sample was loaded on an Aurora column (IonOptiks,
Australia, 250mm length), and separated by an increasing
ACN gradient, using a 40min reverse-phase gradient (from
3%–40% ACN) at a flow rate of 400nL/min. The mass spec-
trometer was operated in positive ion mode with a capillary
temperature of 275°C, with a potential of 1,500V applied to
the column. Data were acquired with the mass spectrometer
operating in automatic data-dependent switching mode, us-
ing the following settings: MS 70k resolution in the Orbitrap,
MS/MS 17k resolution obtained by HCD fragmentation (26
normalised collision energy). MaxQuant version 1.6. was
used for mass spectra analysis and peptide identification via
Andromeda search engine (52) using standard settings apart
from: Match between runs was enabled. Trypsin or LysC
was chosen as a protease with minimum peptide length 7 and
maximum of two missed cleavage sites. Carbamidomethyl of
cysteine was set as a fixed modification and methionine ox-
idation and protein N-terminal acetylation as variable modi-
fications. Total proteomic data are available via ProteomeX-
change with identifier PXD036304.

Human transcriptomic studies. Frozen cell pellets of cul-
tured primary nasal epithelia from healthy unrelated con-
trols or unaffected parent with parallel cultures from patient
samples (p.P259L (P1), p.P358S (P9)). Briefly, total RNA
from each culture was purified using a miRNAeasy Micro Kit
(1038703, Qiagen), cleaned up with MinElute (74204, Qia-
gen) and treated with Turbo DNAse free (AM1907, Invitro-
gen). RNA quality and integrity were assessed on the Agilent
2100 Electrophoresis Bioanalyser Instrument (G2939AA,
Agilent Technologies Inc) using RNA 6000 Nano or Pico
(5067-1511, 5067-1513), then quantified using Qubit 2.0
Fluorometer (Q32866, Thermo Fisher Scientific Inc) with a
Qubit RNA High Sensitivity assay kit (Q32855). DNA con-
tamination was quantified using the Qubit dsDNA HS as-
say kit (Q32854). Poly-A mRNA was isolated with mag-
netic module (E7490, New England Biolabs) from 20-100
ng of each total RNA sample. Libraries were generated
with a NEBNEXT Ultra II Directional RNA Library Prep
kit (E7760, New England Biolabs) using random hexamers
as primers. Sequencing was performed using the NextSeq
500/550 High-Output v2.5 (150 cycle) Kit (20024907, Illu-
mina) on the NextSeq 550 platform (SY-415-1002, Illumina).
Total RNASeq data has been deposited in GEO under acces-
sion code GSE214070.

Nasal epithelial cell immunofluorescence. Nasal cells were
fixed directly from the patient or after expansion in ALI cul-
tures for wholemount. If direct, samples suspended in cell
culture media were spread onto glass slides, air dried, and
stored at –80 °C until use. Expanded cultures were fixed
directly on the membrane in 4% PFA/PBS, then immunos-
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tained and imaged (Extended data – Table 4). Nuclei were
stained using 4, 6-diamidino-2-phenylindole 1.5 µg/mL.

Genetic and three-dimensional structure analysis. The 3-
dimensional structure of wild-type TUBB4B and mutant
variants was predicted using I-TASSER and based on
TUBB4B NM_006088.5 reference. Predicted models were
aligned on the cryo-electron microscopy structure of a GDP-
protofilament (GDP-K MT, EMD-6353, PDB: 3JAS) using
the UCSF Chimera software. We modelled the molecular
effects of missense mutations using the stability predictor
FoldX v5 with all default parameters and three replicates
(Extended data- Table 3). We used the PDB structure 5FNV,
chain B, as it possesses both the inter- and intra-dimeric inter-
faces with α-tubulin. ∆∆G subunit values represent the pre-
dicted effects of mutations on the TUBB4B molecule alone,
ignoring any intermolecular interactions, while the ∆∆G full
values were calculated using the full protein complex struc-
ture, and thus include effects from the predicted disruption
of α-tubulin interfaces. To visualise the structure of the Dup
variant, we modelled the structure of the full variant protein
using SWISS-MODEL.

Identification of the tubulin isotypes that form axone-
mal microtubule doublets (MTDs). The tubulin isotypes that
form respiratory axonemal MTDs were determined using
sidechain density from the 3.6-Å resolution structure of a hu-
man MTD(26). All potential isotypes were first determined
by mass spectrometry of the sample used for cryo-EM anal-
ysis. Candidates for α-tubulin were TUBA1A, TUBA1B,
TUBA1C, and TUBA4A. Candidates for β-tubulin were
TUBB4B, TUBB2B, and TUBB5. Multiple sequence align-
ments were generated for the α- and β-tubulin isotypes
to highlight positions in the primary sequence where the
residues differed. The density corresponding to each site of
variation was then examined to discriminate between can-
didate residues. For example, TUBB2B was excluded as
an asparagine sidechain at position 57 that does not match
the density (Fig 5b). The methionine sidechain at position
293 and the alanine sidechain at position 365 of TUBB4B
fitted better to the density than the valine (293) and va-
line (365) of TUBB5, respectively. After performing this
sequence comparison at every variable residue, we deter-
mined that the amino acid sequence of TUBB4B was the
best fit to the density. The same approach was used to iden-
tify the α-tubulin isotype as TUBA1A, where the glycine of
TUBA1A at position 232 was a better fit to the density than
the serine of TUBA1B, TUBA1C and TUBA4A. Our assign-
ment is consistent with the abundance of tubulin isotypes in
single-cell RNA-sequencing of human multiciliated respira-
tory cells(53).

Site-directed mutagenesis. Patient-derived TUBB4B vari-
ants c.776C>T, p.P259L; c.775C>T, p.P259S; c.1072C>T,
p.P358S; c.1171C>T, p.R391C; and c.1172G>A, p.R391H
were generated by mutagenesis via inverse PCR with Phusion
polymerase using vector pcDNA3.1-TUBB4B-C-(K)DYK
(Genscript, Piscataway, USA) as a respective template with

primers listed in Extended data- Table 4. The amplified
product was digested with DpnI to avoid religation of orig-
inal non-mutated DNA. Constructs were amplified in XL1-
Blue competent cells (Agilent, US), and the whole ORF of
each plasmid was Sanger sequenced to confirm the presence
of the patient mutation.

Culture of RPE1 cells. hTERT- RPE1 cells (CRL-4000) were
maintained at 37 °C, 5% CO2 in Opti-MEM Glutamax I
medium, supplemented with 10% fetal bovine serum and 1%
streptomycin/penicillin (Life Technologies, ThermoFisher
Scientific). Cells were seeded at 2 x 105 cells/well on glass
coverslips in 12-well plates and maintained for 24 hours
(80% confluence). Cells were transfected with wild-type or
mutant FLAG-tagged TUBB4B plasmids (1 µg, pcDNA3.1-
TUBB4B-C-(K)DYK constructs; Genscript) using the Fu-
Gene HD transfection reagent according to the manufac-
turer’s protocol (Promega).

MT lattice dynamics in RPE1 cells. Microtubule dynamics
were characterized 48 h post-transfection. Cells were directly
fixed in ice-cold methanol (5 min at -20°C) for the steady-
state MT lattice or after having been maintained on ice for 20
and 30 min for MT depolymerization or for 30 min prior to
incubation at 37 °C for MT repolymerization for 4 and 6 min.,
respectively. Fixed cells were permeabilized in PBS supple-
mented with 3% bovine serum albumin and 0.1% TritonX-
100 (1 h RT) prior to immunostaining. Staining colocaliza-
tion between positive FLAG and positive α-tubulin from a
given cell area (ROI) was quantified using machine learning
of Ilastik software55, percentages of staining colocalization
were generated using JACoP plugin on ImageJ software(54)
and plotted using GraphPad software. Microtubule lengths
were measured by determining the number of EB1 protein
spots and the distance between the centrosome and each EB1
signal, in repolymerization state, using a Spot detector plugin
within an ROI using Icy software(55). Individual distances
were plotted using GraphPad software. Means of fiber align-
ment degrees, EB1 spot numbers and MT lengths were calcu-
lated from two independent experiments (> 30 cells for each
cell line). Statistical analyses were carried out by ANOVA
and the PLSD Fisher test.

Ciliary abundance and length in cultured cells. Transfected
cells were propagated for 24 h at 37 °C, 5% CO2 in serum-
free Opti-MEM Glutamax I medium to promote ciliation.
Cells were fixed in ice-cold methanol and immunostained.
Mean numbers of ciliated cells and cilia lengths were cal-
culated from two independent experiments (> 100 cells for
each condition) using ImageJ(54). Statistical analyses were
carried out by the PLSD Fisher test according to the signifi-
cance of the Student’s t test.

IMCD3 TUBB4B stability and interaction studies. Human
TUBB4B (NM_001372.3) constructs (wild type, p.P259L,
p.P259S, p.P358S and Phe242_Arg251dup) were ordered
from GeneWiz, Germany with a C-terminal ALFA tag using
the sequence 5’ –AGCAGGCTGGAGGAGGAGCTGAG-
GAGGAGGCTGAC CGAGTAG-3’. A single proline linker
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5’-CCC-3’ was included between the cDNA and tag. Plas-
mids were sub-cloned into the pCDH-CMV-MSC-EF1α-
Hygro plasmid (CD515B-1; Systems Biosciences, USA), us-
ing Nhe1 and Not1 restriction enzymes. Lentiviruses with
a VSV-G pseudotype were produced (Viral Vectors Core,
Shared University Research Facilities, University of Edin-
burgh, UK). To generate stable IMCD3 cell lines expressing
control or patient variants, IMCD3 cells (CRL-2123, ATCC)
were transduced with 3 x 10∧7 copies/mL of virus with poly-
brene (H9268, Sigma) final concentration of 10 µg/mL in
DMEM-F12 (12634010, Gibco), 10% FCS, 1% P/S to 80%
confluency. After 24 hours, fresh media was added. After 96
hours following transduction, hygromycin was added to the
media at a final concentration of 100 µg/mL and cells were
selected for 7 days. To test the ability of TUBB4B variants to
heterodimerize, IMCD3 stable cell lines expressing wild type
and patient variants fused in frame with the small terminal tag
ALFA (NanoTag Biotechnologies) were grown to 80% con-
fluency. Plates were placed on ice for 30 min to depolymerise
microtubules after which the culture media was aspirated
and cells scraped into 400 µl BRB80 buffer (80 mM PIPES,
1 mM MgCl2, 1 mM EGTA, pH 6.8) plus 10% glycerol,
0.2% Triton X-100, 5 µg /ml DNase I, Halt Protease inhibitor
(Pierce) and 1 mM GTP (R1461, Thermo Scientific). Cells
were lysed in a water bath sonicator for 10 min, incubated at
37 °C for 20 min and centrifuged at 13K rpm. Cleared super-
natants were used to determine total protein levels or incu-
bated with 20 µl ALFA SelectorPE beads (N1510, NanoTag
Biotechnologies, Germany) for affinity capture of TUBB4B-
ALFA for 1 hour at RT, washed x 4 times with BRB80 buffer
and 10% Glycerol. Bound proteins were released by compe-
tition with 0.1 mg of ALFA-elution peptide (N1520, Nano-
Tag Biotechnologies, Germany) for 15 min RT. Resin eluted
or total lysates were resolved in acrylamide gels and trans-
ferred using Trans-Blot® Turbo™ Transfer System (170-
4150, Biorad) with transfer reagents Trans-Blot TurboTM
(Biorad 170-4270), then followed by iBindTM (SLF1000,
Thermo Scientific) and iBindTM Flex Solutions (SLF2020,
Thermo Scientific). Blots were immunoblotted using anti-
bodies listed in Extended data- Table 4 and imaged following
incubation with chemiluminescent substrate SuperSignalTM
West Pico Plus (34580, Thermo Scientific) on the Image-
Quant 800 (Amersham) using either auto-exposure or man-
ual with indicator of saturation. All quantifications done in
non-saturated bands using ImageJ.

In vitro transcription and translation studies. Plasmids
(pCDH-CMV-MSC-EF1α-Hygro) containing the human
TUBB4B (NM_001372.3) wild type and variants (p.P259L,
p.P259S, p.P358S and Phe242_Arg251dup) with a C-
terminal ALFA tag were used for TNT expression with the
TnT ® T7 Quick Coupled Transcription/Translation System
(L1170, Promega), according to the manufacturer’s protocol.
Reactions were loaded into NuPAGE precast gels, transferred
onto PVDF membrane (1704272, BioRad), and then rinsed in
water then TBST, and then blocked in 4% BSA in TBS plus
0.1% Tween. Membranes were then incubated overnight 4 °C
with ALFA-HRP (N1502-HRP, NanoTag Biotechnologies,

Germany) in 5% milk TBST then washed 3 X 10 min TBST
and developed using Pierce SuperSignal Pico Plus (Pierce)
reagent and imaged on ImageQuant.

In vitro studies: Cloning, protein expression and purifica-
tion. TUBB4B (NM_001372.3) wild type and mutants were
subcloned into the pFastbac Dual vector containing His6-
TUBA1 and TUBB3-FLAG, where they replaced TUBB358.
A sequence encoding a PreScission protease-cleavable FLAG
tag (LEVLFQGPGGSGGDYKDDDDK) was added to the C-
terminus of TUBB4B. The Bac-to-Bac System (Life Tech-
nologies, Inc.) was used to generate bacmids for baculovirus
protein expression. SF9 cells were grown to a density of 2
x 106 cells/mL and infected with viruses at the multiplic-
ity of infection of 1. Cultures were grown in suspension for
48 hours in Sf-900 III SFM (Thermo Fisher), and cell pel-
lets were collected, washed in PBS, and frozen at -80 °C.
Cells were lysed through 3 freeze-thaw cycles in 1x BRB80
buffer (80 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM EGTA)
with addition of: 0.5 mM ATP, 0.5 mM GTP, 1 mM PMSF,
and 25 units/µl benzonase nuclease. The lysate was sup-
plemented with 500 mM KCl and cleared by centrifugation
(30 min at 20,000 x g). To study the TUBB4B mutants,
His6-TUBA1 was purified using Ni2+-NTA–agarose beads
(GE Healthcare Life Sciences) according to the manufac-
turer’s guidelines. The supernatant was mixed with a nickel-
nitrilotriacetic acid resin (Qiagen) equilibrated with high salt
buffer (BRB80, 40 mM imidazole). His-tagged tubulin was
eluted with 250 mM imidazole in BRB80 buffer. For pu-
rification of FLAG-tagged TUBB4B, the eluate was purified
on anti-FLAG G1 affinity resin (GenScript). FLAG-tagged
tubulin was eluted by incubation with FLAG peptide (Gen-
Script) at 0.25 g/L concentration. Porcine brain tubulin was
purified as described59 and stored in liquid nitrogen. Tubulin
heterodimers were further purified using size-exclusion chro-
matography pre-equilibrated in gel filtration buffer (BRB80
supplemented with 0.1 mM GTP). Western blotting was per-
formed according to standard protocols with details of anti-
bodies in Extended data- Table 4.

Generation of mouse lines and patient mutation F0 founder
mouse models. For the Tubb4bR391H/+ line, the NIH guide
was followed for the care and use of laboratory animals,
with approval from the French Ministry of Research (APAFiS
20324) and following ethical principles in the LEAT Facil-
ity of Imagine Institute. For all other lines, animals were
maintained in SPF environment and studies carried out in
accordance with the guidance issued by the Medical Re-
search Council in “Responsibility in the Use of Animals in
Medical Research” (July 1993) and licensed by the Home
Office under the Animals (Scientific Procedures) Act 1986
under project license number P18921CDE in facilities at
the University of Edinburgh (PEL 60/6025). Generation of
Tubb4bR391H/+ mice using CRISPR/Cas9 as described in
Extended data- Figure 6, using guides detailed in Extended
data- Table 4. To generate Tubb4b+/− mice (Tubb4bKO1/+

and Tubb4bKO2/+) we used CRISPR/Cas9 as described
in Extended data- Fig 3, using guides detailed in Ex-
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tended data- Table 4. To generate animals Tubb4bP 259L/+,
Tubb4bP 259S/+ and Tubb4bP 358S/+ mice, a similar target-
ing strategy was attempted using a variety of guide and re-
pairs detailed in Extended data- Table 4. Silent mutations
were included to block the re-cutting as reported to increase
the HDR accuracy and efficiency(56). However, we saw in-
creased perinatal lethality and infertility in founders carry-
ing patient-derived mutations and no lines could be estab-
lished even using IVF techniques. Briefly, C57BL/6J female
mice were super-ovulated and fertilized embryos were in-
jected at the 1 cell stage. The microinjection mix consist-
ing of RNPs with 0.35 µM of guides and 1.8 µM of re-
combinant GeneArt Platinum Cas9 (Thermo Fisher Scien-
tific, US) and 20 ng/µl ssODN repair templates (Integrated
DNA Technologies (IDT), US) was incubated at 37 °C for
10 min prior to pronuclear microinjection. Zygotes were cul-
tured overnight before transfer to pseudopregnant CD1 fe-
males. Founders were genotyped by PCR and Sanger se-
quenced from genomic DNA, isolated from ear biopsies, us-
ing primers (see Extended data- Table 4). To establish
colonies of Tubb4bR391H/+ and Tubb4b+/− mice, founder
mice were crossed with C57BL/6J and CD1 mice respec-
tively to remove potential off-targets, and the heterozygous
offspring then outcrossed to C57BL/6J and CD1 respectively
at least 5 generations to maintain a colony. CD1 was used for
Tubb4b+/− mice to reduce the severity of neonatal lethality
and hydrocephaly, coupled to small litter size, characteristic
of C57BL/6J mice. Genotyping was performed using primers
detailed in Extended data- Table 4 followed by Sanger se-
quencing in house or by Transnetyx (Cordova, TN).

Electroretinographic analysis of mouse models. The func-
tion of the retina of ten Tubb4bR391H/+ and ten wild-type
C57BL/6J mice, aged of 2 months to 1 year, was analysed
by electroretinography using the CELERIS Next Generation
Rodent ERG Testing platform, according to the manufacturer
protocol (Diagnosys LLC, Cambridge, UK) and guidelines
for animal safety. In brief, mice were dark-adapted overnight,
anesthetized according to their weight and exposed to two
four-step sequences of increasing light stimuli from 0.01 to 3
cd.s/m2 and two-step sequences of 3 to 10 cd.s/m2, to elicit
and record rod and cone-specific responses, respectively. Sta-
tistical analyses were carried out using GraphPad software
using the post hoc Sidak’s test (two-way ANOVA).

Mouse trachea proteomics. Tracheas from mutant and wild
type littermate mice aged between P1 and P5 for Tubb4b KO
experiments and between P40 and P100 for Tubb4b391His/+
experiments were used for total proteomics, using a filter
aided sample preparation method (FASP) method. Tracheas
were flash frozen in liquid nitrogen and stored at -70 °C.
Samples were lysed in 2% SDS, 0.1 M DTT, 0.1 M Tris-
HCl pH 7.6 by pipetting, heating to 95 °C for 3 min and then
removing non-solubilized material. FASP purification and
double digestion was done following the protocol described
in61 with following alterations. We used Vivaspin500 30k
cut-off ultrafiltration devices (Sartorius) and 50 µL aliquots.
All other steps, including washes, reduction and alkylation

were identical. The resulting sample was diluted to 50 µL
with 0.1 M Tris-HCl pH 8.5 and 1 µg of endoproteinase
LysC (Wako) was added. After overnight incubation at 37
°C, the LysC fraction was collected by centrifugation of the
filter units for 20 min. The sample in the filter was then di-
luted with 50 µL of 0.1 M Tris-HCl pH 8.5 containing 1 µg
of trypsin. Following a 4 h digestion, tryptic peptides were
collected by centrifugation of the filter units for 20 min. Sam-
ples were acidified with 1% trifluoroacetic acid (TFA) and
desalted using StageTips, dried using a CentriVap Concen-
trator (Labconco) and resuspended in 15 µl 0.1% TFA. Pro-
tein concentration was determined by absorption at 280 nm
on a Nanodrop 1000, then 2 µg of de-salted peptides were
loaded onto a 50 cm emitter packed with 1.9 µm ReproSil-Pur
200 C18-AQ (Dr Maisch, Germany) using a RSLC-nano uH-
PLC systems connected to a Fusion Lumos mass spectrom-
eter (both Thermo, UK). Peptides were separated by a 140-
min linear gradient from 5% to 30% acetonitrile, 0.5% acetic
acid. The Lumos was operated using following settings: MS
120k resolution in the Orbitrap, MS/MS obtained by HCD
fragmentation (30 normalised collision energy), read out in
the ion-trap with “rapid” resolution with a cycle time of 1s.
The Limma package was used for mass spectra analysis and
peptide identification(57). Total proteomic data are available
via ProteomeXchange with identifier PXD036304.
For Figure 2j, we specifically analysed unique peptides for
all alpha and beta tubulins from the total proteomes from con-
trol mTECs across differentiation time points we previously
generated(27). Briefly, here total mTEC proteomes were
derived from two animals/genotype with three experimen-
tal replicates per time point (days 4–10, animal pair 1; days
14–18 animal pair two). The data were analyzed using the
MaxQuant 1.6 software suite (https://www.maxquant.org/)
by searching against the murine Uniprot database with the
standard settings enabling LFQ determination and matching.
The data were further analyzed using the Perseus software
suite. LFQ values were normalized, 0-values were imputed
using a normal distribution and standard settings.

Histology and immunohistochemistry of mouse tissues.
Mouse tissues were obtained at different stages after euthana-
sia by cervical dislocation, anaesthetic overdose or CO2 as-
phyxiation, performed according to protocol guidelines for
animal safety. Upon dissection, tracheas, kidneys and brains
were fixed in 4% PFA/PBS, testes fixed in Bouin’s fixative,
and eyes were fixed in Davidson’s fixative according to stan-
dard protocols. Tissues were serially dehydrated and em-
bedded in paraffin. Samples were sectioned at 5-8 µm and
processed for hematoxylin-eosin (HE) using standard proto-
cols. Wild-type C57BL/6J mice were used as a reference in
all knock-in Tubb4bR391H/+ analyses. Paraffin embedded
eye and trachea tissue sections were were dewaxed and re-
hydrated via ethanol series prior to antigen retrieval in 10
mM Tris-HCl pH 9.2, 2 mM EDTA, 0.01% Tween-20 for
7 min at 900 W in the microwave. Sections were blocked
for 1 h with blocking solution (0.1% Tween, 50 mM NH4Cl,
1% BSA and PBS) prior to immunostaining using primary
and secondary antibodies detailed in Extended data- Table
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4. Samples were stained with 1.25 µg/mL DAPI (Roche,
Mannheim, Germany), rinsed and mounted in Fluoromount
medium (Sigma) under glass coverslips.

Whole-mount immunofluorescence. Tracheas, choroid
plexuses and oviducts from littermates or age matched con-
trols were dissected in PBS and fixed in 4% methanol-free
formaldehyde for 1 h RT. Samples were permeabilised in
PBS/0.5% Triton-X-100 for 15 min and blocked in 4%
BSA/PBS/0.025% Tween-20 (PBST). The corresponding
antibody incubations were done overnight in 4% BSA/PBST
(Extended data- Table 4). Following washes and staining
with (DAPI), samples were mounted in Prolong Gold (Life
Technologies, Thermo Fisher Scientific).
Brain ventricles were dissected according to 64, pre-extracted
with 0.1% Triton X in PBS for 1 minute, then fixed in 4%
PFA or ice cold methanol for at least 24 h at 4 °C, followed
by permeabilization in PBS (0.5% Triton X-100) for 20 min
room temperature. Ventricles were blocked in 4% BSA in
PBST (PBS/0.25% Triton X-100) for 1 h at room tempera-
ture, then placed ependymal layer down in primary antibod-
ies (Extended data- Table 4 in 4% BSA/PBST for at least
12 h. Ventricles were washed in PBS 3 X 10 min and incu-
bated with secondary antibodies (Extended data- Table 4) in
4% BSA/ PBST (0.25% Triton X-100) at 4 °C for at least 12
h. Ventricles were washed in PBS 3 X 10 min, and mounted
on glass bottom dishes (Nest, 801002) in Vectashield (Vec-
torLabs), immobilized with a cell strainer (Greiner Bio-One,
542040).

Isolation and immunofluorescence of primary mouse cells.
Mouse tracheal epithelial cells (mTECs) were isolated and
cultured as described previously(58, 59). Ependymal cells
were isolated from mice aged P0 to P5 and cultured as
described previously(60). Mouse fibroblasts were har-
vested from a mix of tail and ear tissue from P5 mice as
described(61). For immunofluorescence, cells were plated on
coverslips or in glass bottom plates. Ependymal and fibrob-
last cells were fixed in 4% methanol-free formaldehyde for
5-10 min. Samples were permeabilised in TBST (TBS/0.1%
Triton-X-100) for 5 min, blocked in 5% donkey serum in
TBST. The corresponding primary and secondary antibody
incubations (Extended data- Table 4) were done overnight
in 1% donkey serum in TBST. Washes were done in TBST
and stained with DAPI before mounting in Prolong Gold
(Life Technologies, Thermo Fisher Scientific).

Single cell RNASeq analysis. Published 10X single cell data
and metadata was read using the Seurat(62–65) SCTransform
method to obtain a gene by cell expression matrix using data
from(66–68) or the published gene by cell matrix was used
with data from(34, 35). The proportion of cells of each of the
cell types, as identified in the data by the respective authors,
expressing a tubulin (expression greater than zero) was cal-
culated as a proportion of all cells of that type. The resulting
matrix was visualised as a heatmap allowing rows (cell types)
to cluster.

Imaging. Images for Fig 1t were acquired using epifluores-
cent microscopy. Brightfield images were captured on a
Hamamatsu Nanozoomer XR (Hamamatsu Photonics, Japan)
with 20x and 40x objectives. Confocal Z-stack projections
in Fig 1u,v, Fig 3, Extended data- Fig 2k, Fig 4k and
Extended data- Fig 6d were captured on a Spinning Disk
Zeiss microscope (Zeiss, Oberkochen, Germany). Confo-
cal Z-stack projections in Extended data- Fig 2l,m, Fig 4h
and Fig 2e,f,i were taken on a Nikon A1+ Confocal (Nikon
Europe B.V., Netherlands) with Oil 60x or 100x objectives
with 405, Argon 561 and588, 640 lasers and GaSP detec-
tors. 3D reconstructions of images in Extended data- Fig
3f,i,j were captured with an Andor Dragonfly and Mosaic
Spinning Disc confocal using Nikon oil 40X or 100X lenses.
High speed video microscopy for mouse samples was per-
formed on a Nikon Ti microscope with a 100X SR HP Apo
TIRF Objective, and Prime BSI, A19B204007 camera, im-
aged at 250 fps. Projections, 3D reconstructions or panels
were generated using ImageJ (National Institutes of Health),
NIS Elements (Nikon Europe B.V., Netherlands), NDP.view2
(Hamamatsu Photonics, Japan) or Imaris software 9.9 (Ox-
ford Instruments, UK). Final composite images were gener-
ated using FigureJ plugin on ImageJ software (National In-
stitutes of Health, Bethesda, MA, USA)(69), Photoshop or
Illustrator (Adobe Systems, San Jose, CA).

Data analysis. Data analysis was carried out in Microsoft Ex-
cel, GraphPad Prism 9 (version 9.4.1, GraphPad Software,
USA) and Matlab. Statistical tests are described in the figure
legends.
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