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C E L L U L A R  N E U R O S C I E N C E

H-ABC– and dystonia-causing TUBB4A mutations show 
distinct pathogenic effects
Victor Krajka1,8, Franca Vulinovic1†, Mariya Genova2,3†, Kerstin Tanzer1, A. S. Jijumon2,3, 
Satish Bodakuntla2,3, Stephanie Tennstedt4,5,6, Helge Mueller-Fielitz7, Britta Meier1, 
Carsten Janke2,3, Christine Klein1, Aleksandar Rakovic1*

Mutations in the brain-specific -tubulin 4A (TUBB4A) gene cause a broad spectrum of diseases, ranging from 
dystonia (DYT-TUBB4A) to hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC). Currently, the 
mechanisms of how TUBB4A variants lead to this pleiotropic manifestation remain elusive. Here, we investigated 
whether TUBB4A mutations causing either DYT-TUBB4A (p.R2G and p.Q424H) or H-ABC (p.R2W and p.D249N) exhibit 
differential effects at the molecular and cellular levels. Using live-cell imaging of disease-relevant oligodendro-
cytes and total internal reflection fluorescence microscopy of whole-cell lysates, we observed divergent impact 
on microtubule polymerization and microtubule integration, partially reflecting the observed pleiotropy. More-
over, in silico simulations demonstrated that the mutants rarely adopted a straight heterodimer conformation in 
contrast to wild type. In conclusion, for most of the examined variants, we deciphered potential molecular disease 
mechanisms that may lead to the diverse clinical manifestations and phenotype severity across and within each 
TUBB4A-related disease.

INTRODUCTION
With progressively affordable methods for whole-genome sequenc-
ing, the number of known pleiotropic genes is steadily growing. 
Pleiotropy describes the phenomenon by which mutations in the same 
gene cause different clinical manifestations. For example, variants 
of ATP1A3 are associated with alternating hemiplegia of childhood 
(1, 2), rapid-onset dystonia-parkinsonism (3), and other distinct 
clinical manifestations (4, 5). For most genes, the underlying mech-
anisms of genotype-phenotype relationships remain elusive. One 
of these genes is TUBB4A. In this study, we focused on mutations in 
-tubulin 4A (TUBB4A), which are responsible for a broad pheno-
typic spectrum of movement disorders and more complex neuro-
logic phenotypes.

Tubulins are the building blocks of the largest cytoskeletal fila-
ments, the microtubules. Nine different - and -tubulin isoforms 
exist in humans, and their coding genes are differentially expressed 
throughout different tissues and cell types. Incorporating various 
tubulin isoforms is expected to influence the mechanical and dynamic 
properties of microtubules; however, only a few isotypes have been 
investigated in detail (6). Microtubules assemble spindles that seg-
regate the sister chromatids during meiosis and mitosis; they serve as 
tracks for intracellular transport and act as a dynamic scaffold during 
migration and differentiation in all eukaryotic cells (6–8). In addition, 
microtubules are intrinsically dynamic because of the continuous 
insertion of - and -tubulin heterodimers—termed polymerization, 

punctuated by spontaneous collapses, denoted as “catastrophes,” of 
the microtubule ends (9).

TUBB4A is predominantly expressed in the central nervous sys-
tem. Brain regions with the highest expression levels are the white mat-
ter, the cerebellum, and the basal ganglia (10). Mutations in TUBB4A 
have been associated with isolated dystonia (DYT-TUBB4A) (10, 11), 
isolated hypomyelination (12), and hypomyelination with atrophy 
of the basal ganglia and cerebellum (H-ABC) (13–15). The mild 
side of the phenotypic spectrum is represented by DYT-TUBB4A, 
characterized by the juvenile or adult onset of spastic “whispering” 
dysphonia and generalized dystonia (16, 17). The severe end of the 
phenotypic spectrum is represented by H-ABC, first reported in 
2002 (18). In contrast to DYT-TUBB4A, brain magnetic resonance 
imaging (MRI) scans of patients with H-ABC show white matter de-
terioration (18). The disease typically manifests within the first 2 years 
after birth; patients often have dystonia, nystagmus, and developmen-
tal delay, and as the disease progresses, they lose the ability to walk 
unaided (13, 14).

However, the exact mechanisms underlying the pleiotropic ef-
fects of TUBB4A mutations remain elusive. So far, only a few mecha-
nistic studies have been published. Three exclusively cell-based studies 
investigated the influence of disease-associated TUBB4A mutations 
on neurite outgrowth and microtubule dynamics (19–21). Neverthe-
less, the microtubule dynamics data were particularly contradictory 
across studies. Recently, rodent models for isolated hypomyelination 
and H-ABC were thoroughly characterized (22, 23). The so-called taiep 
rat, which has a homozygous TUBB4A p.A302T mutation, presented 
solely glial impairment in the form of hypomyelination (22). In a 
mouse model with an H-ABC–linked TUBB4A p.D249N mutation, 
both neuronal and glial pathologies were detected, and altered micro-
tubule dynamics were found in cortical neurons (23). However, to 
what extent TUBB4A mutations influence microtubule dynamics in 
disease-relevant oligodendrocytes has not been investigated to date. 
Additional DYT-TUBB4A cases were recently published, and for 
each TUBB4A variant, the potential impact on the protein structure 
was assessed using in silico modeling (24). Whether these structural 
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changes influence the molecular dynamics (MD) of the heterodimer 
remains to be investigated.

To understand the variable severity of clinical manifestations 
caused by different mutations in TUBB4A, we analyzed the effects of 
DYT-TUBB4A–causing mutations p.R2G and p.Q424H and H-ABC–
causing mutations p.R2W and p.D249N on the microtubule network. 
The mutations were selected to represent two clinically distinct phe-
notypic presentations and to reflect different severities of the phe-
notype within each syndrome.

Two of the four investigated mutations (p.R2G and p.R2W) af-
fect a highly conserved arginine in the N-terminal -tubulin tetra-
peptide Met-Arg-Glu-Ile (MREI). MREI is an autoregulatory domain 
that modulates the stability of tubulin mRNAs (25). The authors 
demonstrated that nonsynonymous p.R2 substitutions (including 
p.R2G and p.R2W) destabilize the autoregulation of -tubulin mRNA, 
affecting the balance of -tubulin subunits. The fact that the p.R2G 
and p.R2W mutations are located at the same site within the MREI 
domain and lead to two different disease expressions suggests that a 
mechanism other than tubulin mRNA stability may play an essential 
role in the development of DYT-TUBB4A and H-ABC.

We showed that all TUBB4A variants were integrated into the 
microtubules but to different degrees, reflecting the phenotypic se-
verity. We also investigated the effect of TUBB4A mutations on the 
microtubule dynamics in vitro using total internal reflection (TIRF) 
microscopy. Microtubule growth speed, length, duration, and the 
number of growth events were differentially altered in H-ABC– and 
DYT-TUBB4A–causing mutants compared to wild type (WT). These 
microtubule properties were validated in primary oligodendrocytes. 
Last, all three intradimer mutations (p.R2G, p.R2W, and p.D249N) 
were modeled and simulated in silico, showing altered bending and 
twisting angle distributions compared to WT, suggesting a compro-
mised degree of flexibility in the mutant heterodimers.

RESULTS
H-ABC– but not dystonia-linked TUBB4A mutants show 
impaired microtubule incorporation
To determine the functional consequences of dystonia- and H-ABC–
associated mutations in TUBB4A, located at the intradimer site 
(p.R2G, p.R2W, and p.D249N) or the potential microtubule-associated 
proteins (MAPs) interaction surface (p.Q424H), we investigated their 
incorporation ability into the microtubules. To this end, we trans-
duced U-2 OS cells with lentiviral particles expressing WT or mu-
tant TUBB4A C-terminally tagged with green fluorescent protein 
(GFP) and investigated the degree of overlap (yellow) between total 
-tubulin (inverted gray scale) and TUBB4A variants (inverted gray 
scale) (Fig. 1A). Cells solely expressing GFP served as incorporation 
negative control. Although the GFP signal was ubiquitously present 
in the negative control, the microtubule network (pan--tubulin) did 
not show a substantial colocalization with GFP. The overlap of both 
fluorophores could be enhanced because of increased cytosolic tubu-
lin localization after cold shock–induced microtubule depolymer-
ization (fig. S1). In contrast, all TUBB4A forms could integrate into 
the microtubules, represented by colocalized GFP-tagged tubulin and 
endogenous tubulin signals.

However, the H-ABC mutants displayed a more pronounced green 
background (similar to the GFP control) as compared to WT and other 
dystonia-associated mutants, hinting at the possibility that these par-
ticular mutants are incompletely incorporated into microtubules. 

Representative orthogonal views are shown in fig. S2. Notably, after 
cold shock treatment, the green shade was also observed in the other 
TUBB4A forms (figs. S1 and S2). To investigate whether the incom-
plete colocalization could be caused by differential expression or 
protein stability of GFP-tagged TUBB4A forms, we measured total 
- and -tubulin protein levels. Nevertheless, neither the GFP con-
trol nor the TUBB4A forms showed deregulated tubulin levels. We 
observed no differences in levels of GFP-tagged TUBB4A between 
the WT and mutant forms of TUBB4A although some TUBB4A mu-
tations are positioned at the mRNA autoregulatory MREI domain 
(Fig. 1, B and C, and fig. S3). This observation indicated that H-ABC–
associated TUBB4A mutants show a higher proportion of unpolym-
erized TUBB4A because of incomplete microtubule incorporation.

TUBB4A mutations show differential microtubule growth 
dynamics in vitro
To determine the reasons for the compromised microtubule in-
corporation of H-ABC–related mutants, we investigated microtubule 
polymerization in vitro. For this, we generated reporter plasmids co-
expressing either WT or mutant TUBB4A together with end-binding 
protein 3 (EB3)–GFP to track growing microtubule ends in cells. The 
T2A self-cleavable site was introduced to separate TUBB4A from 
EB3-GFP (fig. S4A). Two days after the transfection of human em-
bryonic kidney (HEK) 293T cells, we extracted, measured, and ad-
justed the total protein concentration. Only batches with comparable 
concentrations and EB3-GFP expression levels (verified under a flu-
orescence microscope) were used to perform TIRF microscopy (fig. 
S4B). Using microtubule guanylyl-(,)-methylene-diphosphonate 
(GMPCPP) seeds (red) as starting points, we monitored microtu-
bule polymerization following the EB3-GFP signals over 400 s (Fig. 2A). 
After 30 s, H-ABC–associated mutants showed slower microtubule 
growth, shorter microtubules, and more frequent flickering of EB3-GFP 
signals compared to WT. The observed EB3-GFP flickering may 
indicate an intermittent stalling of microtubule polymerization. On the 
other hand, in one dystonia-associated mutant (p.Q424H), we observed 
a slightly faster growth rate and consequently longer microtubules 
relative to WT (Fig. 2A). We observed no substantial differences in any 
investigated parameters between p.R2G mutant and WT TUBB4A.

To quantify the microtubule growth dynamics, we generated 
kymographs by manually tracking microtubules (fig. S5). We assessed 
growth by calculating the following parameters: velocity, growth 
events per microtubule, run length, and run time. Consistent with 
previous findings, H-ABC mutants showed significantly lower mi-
crotubule growth velocities, more growth events per microtubule, 
and shorter run lengths and times compared to WT (Fig. 2, B to E). 
In contrast, the dystonia-linked p.Q424H mutant showed substan-
tially higher velocities, fewer growth events per microtubule, and ele-
vated run lengths and run times relative to WT. Again, the second 
dystonia-linked p.R2G mutant displayed no prominent differences to 
WT. The collected data lead to the notion that the H-ABC–associated 
TUBB4A variants (p.R2W and p.D249N) severely perturb microtu-
bule polymerization. In contrast, the dystonia-related mutations 
showed either no impact on microtubule dynamics (p.R2G) or an 
even faster growth (p.Q424H) than WT.

In vitro analysis of microtubule dynamics reveals differential 
growth properties of TUBB4A mutants over time
After finding significant differences in microtubule growth param-
eters between TUBB4A mutants and WT, we investigated whether 
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microtubule dynamics change over time; as in some mutants, a dif-
ferent data dispersion emerged compared to WT. For example, both 
H-ABC–associated mutants (p.R2W and p.D249N) displayed a more 
dispersed data distribution for growth events (Fig. 2C), indicating 

a temporal change in the growth kinetics. For this, we averaged all 
measured data points per second for each growth parameter and 
plotted the mean values for every 30-s time window (fig. S6, A to D). 
The trend was determined via linear regression; the corresponding 

Fig. 1. Microtubule incorporation assay of GFP-tagged WT and mutant TUBB4A in U-2 OS cells. (A) Immunofluorescence staining of U-2 OS cells overexpressing either 
GFP or TUBB4A-GFP variants (inverted gray scale) against pan--tubulin (inverted gray scale). While the fluorescence signals of GFP and -tubulin do not clearly overlap in 
the control, all TUBB4A forms show a prominent microtubule staining in both TUBB4A-GFP and -tubulin channels and robust colocalization (merge, yellow). Scale bars, 
20 and 5 m (magnified panels). Immunoblots against TUBB4A-GFP and pan--tubulin (B) or pan--tubulin (C) show no alterations in tubulin composition or TUBB4A 
stability. Uncropped immunoblots are shown in fig. S3. In sum, H-ABC–linked but not dystonia-linked TUBB4A mutations show impaired microtubular integration.
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Fig. 2. Data distribution of microtubule growth parameters from whole-cell lysates containing WT or mutant TUBB4A. (A) TIRF microscopy time-lapse images 
at different time points (0:30, 3:00, and 6:35 min:s) of whole-cell lysates, showing EB3-GFP (green)–decorated growing microtubules from GMPCPP-stabilized and 
rhodamine-labeled seeds (red). Representative kymographs are shown to the right of the corresponding image sequences (white bars, 2 m). (B to E) Data distribution 
and statistical analysis of EB3 comet (B) velocity, (C) growth events per microtubule, (D) run length, and (E) run time. Run length was defined as the microtubule growth 
distance between two pause events and run time as the growth duration between two pause events. The corresponding microtubule growth rate (velocity) was deter-
mined for each growth step. As growth event, every microtubule regrowth was counted [see enlargements in (A)]. The boxes show the quartiles of the dataset, the 
whiskers represent 1.5× of the interquartile range, the median values are indicated as horizontal lines inside the boxes, and data points outside the whiskers are marked 
as black diamonds. The mean values of the complete biological replicates are shown as filled circles on the right side of each boxplot. Statistical analysis of four to 
five independent experiments (transfection, cell culture, lysate preparation, and TIRF imaging) was applied by one-way analysis of variance (ANOVA) and post hoc Dunnett 
test. In total, 56 to 76 microtubules per TUBB4A form were analyzed. In sum, H-ABC–linked TUBB4A mutants display reduced microtubule growth in all parameters but 
elevated growth events, whereas p.Q424H led to faster and longer microtubule growth, with fewer growth interruptions. MT, microtubule.
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regression line slopes are shown in bar plots on the right panel 
(fig. S6, A to D).

In comparison to WT, both H-ABC mutants displayed a signifi-
cantly steeper decline in growth events per microtubule (fig. S6C). 
In contrast, the dystonia-linked p.Q424H mutant exhibited a signifi-
cantly steeper decline in run length and run time (fig. S6, B and D) 
compared to WT. This confirms our assumption that the altered data 
distribution for some mutants is likely caused by changes in growth 
parameters over time.

In summary, we have seen that the H-ABC mutations displayed 
impaired microtubule incorporation and growth dynamics. We thus 
classify p.R2W and p.D249N as antimorphic mutations that affect 
microtubule polymerization as steric blocks (fig. S6F). In contrast, 
the p.Q424H mutant exhibited increased microtubule growth. There-
fore, we categorize this TUBB4A variant as a gain-of-function mu-
tation that enhances microtubule polymerization (fig. S6G).

Overexpression of disease-associated TUBB4A mutations 
in oligodendrocytes perturbs microtubule dynamics
Reduced white matter intensity due to a loss of oligodendrocytes is 
the pathological hallmark of H-ABC (18). Furthermore, transcrip-
tomic analyses in both humans and mice revealed that TUBB4A 
expression increases with oligodendrocyte maturation (26–28). We 
thus investigated the impact of mutations in TUBB4A on microtu-
bule dynamics and cellular morphology in mature oligodendrocytes. 
To this end, we isolated O4+ cells from postnatal 7-day-old (P7) mice 
and transduced these cells with lentiviral particles expressing either 
WT or mutant TUBB4A-T2A-EB3-GFP (Fig. 3A). Four days upon 
transduction, soma and processes were analyzed using live-cell 
imaging (Fig. 3B and movies S1 and S2). In line with our TIRF 
microscopy findings, both H-ABC–associated mutants showed sig-
nificantly stalled microtubule growth, shorter EB3-GFP comet life-
times, and shorter run lengths in the soma and processes compared 

Fig. 3. Live-cell imaging of EB3-GFP comets in primary oligodendrocytes expressing either WT or mutant forms of TUBB4A. (A) Differentiation scheme for primary 
murine oligodendrocytes overexpressing WT or disease-causing TUBB4A mutations. (B) Example of tracked EB3 comets (red lines) in an oligodendrocyte either in the soma 
or along with processes. The region of interest (purple dotted line) either includes (soma) or excludes (processes) comet detection. Scale bar, 10 m. (C) Representative 
kymographs display EB3-GFP comet trajectories for all TUBB4A forms in processes. Please note the declining comet speed at distal ends. Scale bars, 5 m. Data distribution 
of microtubule growth velocity (D), EB3-GFP comet displacement (E), and run time (F). Data derived from the oligodendroctye processes are shown hatched. Statistical 
analysis: One-way ANOVA followed by Dunnett post hoc test; black horizontal lines inside each box indicate the median; whiskers represent 1.5× of the interquartile 
range. Outliers are visualized as black diamonds. Two independent experiments in total of 15 to 16 cells per TUBB4A variant. DIV, days in vitro. In sum, disease-causing 
TUBB4A mutations disrupt microtubule growth in oligodendrocytes in congruence with the severity of the corresponding disease phenotype.
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to WT (Fig. 3, C to F). However, no significant differences in micro-
tubule growth parameters were found between the dystonia mutant 
p.R2G and WT. In addition, for all TUBB4A forms, the mean growth 
parameters of the processes were nonsignificantly lower than from 
the soma and significantly different for the run time in the p.D249N 
mutant (Fig. 3F).

To determine whether altered microtubule dynamics influence 
oligodendrocyte morphology, we investigated cellular arborization 
using Sholl analysis. With this method, the ramifications were deter-
mined using concentric rings (fig. S7). Unexpectedly, we did not ob-
serve any morphological changes between O4+ cells expressing either 
WT or mutant TUBB4A (fig. S7).

To investigate whether TUBB4A mutants are incorporated into 
the microtubule lattice, oligodendrocytes were transduced with len-
tiviral particles expressing GFP-tagged TUBB4A forms. For this 
purpose, we stained live cells with the oligodendrocyte marker O4 
and subsequently with a secondary fluorescent antibody, and the 
microtubule marker SiR-tubulin (fig. S8). In line with previous 
observations, all TUBB4A variants colocalized with the microtu-
bule lattice. Notably, compared to immunostained cells, the green 
background noise was detected in all TUBB4A forms. The enhanced 
cytosolic TUBB4A-GFP signal could result from longer acquisi-
tion times that typically occur during live-cell imaging. Overall, 
we demonstrated that the microtubule dynamics of all TUBB4A 

mutants were consistent compared to WT across the TIRF assays 
and in oligodendrocytes.

Protein integrity of - and -tubulin is not disturbed by 
disease-causing mutations located in the intradimer region
We further explored the impact of the disease-causing TUBB4A mu-
tations on the heterodimer conformation by homology modeling and 
MD simulations (Fig. 4A). For this, we focused on p.R2G, p.R2W, and 
p.D249N mutations because they are located inside the intradimer 
region. To ensure that a biologically relevant heterodimer was mod-
eled, we selected TUBA1A as  subunit and TUBB4A as  subunit. On 
the basis of previously published RNA sequencing datasets, both tubu-
lins are highly coexpressed in human and murine oligodendrocytes 
compared to other /-isoforms (fig. S9) (26–28). Because no struc-
ture coordinates of a human TUBA1A/TUBB4A heterodimer were 
available, we chose a TUBA1B/TUBB2B heterodimer of a tubulin–
stathmin–tubulin tyrosine ligase complex [Protein Data Bank (PDB) 
ID: 4IHJ (29)] with 97% identity between human TUBA1A and bo-
vine TUBA1B and with 95% identity between human TUBB4A and 
bovine TUBB2B as a template for homology modeling. The query 
alignment is shown in fig. S10. After homology modeling, three ad-
ditional heterodimers were generated, each containing one of the 
three TUBB4A mutations (p.R2G, p.R2W, and p.D249N) (Fig. 4A). 
The TUBB4A subunit ranged from p.M1 to p.A428 and TUBA1B 

Fig. 4. In silico determination of tubulin heterodimer conformation. (A) Position of the modeled and simulated TUBB4A mutations in the intradimer region of a tubulin 
heterodimer. For better visualization, the nucleotides guanosine triphosphate and guanosine diphosphate are not shown. (B) Illustration of the main conformational changes 
of the heterodimer. (C) For the bending angle, the data distribution for WT and p.D294N is bimodal. For p.R2G and p.R2W, however, the data distribution is unimodal. 
Furthermore, all mutants show a right shift of the data compared to WT, which indicates that the mutant formed a rather curved heterodimer conformation. (D) The twist 
angle data distribution is unimodal for WT, p.R2G, and p.D294N, whereas it is bimodal for p.R2W. In sum, TUBB4A mutations located in the intradimer region cause differ-
ential bending and twisting conformations of the tubulin heterodimer.
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from p.M1 to p.V434. Every heterodimer variant was subjected to 
three independent energy minimizations, followed by 1 s of MD.

We first assessed the stability of each MD trajectory. For this, the 
root mean square deviation (RMSD) of the C coordinates was cal-
culated to the reference structure (time point of 0 s) for all systems. 
The RMSD values depicted that all systems reached an equilibrated 
state within the simulation time of approximately 50 ns. In addition, 
the single runs were comparable for each heterodimer variant (fig. 
S11, A to D). The structural fluctuation of the systems during their 
corresponding MD trajectories was determined by root mean square 
fluctuation (RMSF) (fig. S11, E and F). Fluctuations in the mutant 
systems were comparable to those in the WT system over most of 
the heterodimer structure. On the basis of the data, we did not find 
that the mutations affected the overall structure of the tubulin sub-
units as the total RMSD and RMSF levels were similar between WT 
and mutant systems.

Tubulin heterodimers containing H-ABC–linked TUBB4A 
mutations less frequently adopt a straight conformation 
compared to nonmutated heterodimers
Having determined that the disease-causing TUBB4A mutations do 
not perturb the overall structure of the tubulin subunits, we investi-
gated whether they affect the MD of the heterodimer. We thus ana-
lyzed the main motion proportions using a principal components 
analysis (PCA). The resulting first four principal components (PCs) 
accounted for 61% WT, for 51% p.R2G, for 57% p.R2W, and for 
56% p.D249N of the total variance (fig. S12). The WT heterodimer 
movement described by PC1 corresponds to a bending motion, ac-
counting for 24% of the total variance (movie S3). Likewise, PC1 
accounted for 22% of the p.R2G mutant variance, representing a 
bending motion. This means that the bending motion was the pre-
dominant conformal change for WT and the p.R2G variant during 
the MDs. In contrast, for the p.R2W heterodimer, PC1 represents a 
twisting motion, representing 30% of the overall movement. Fur-
thermore, PC1 of the p.D249N heterodimer characterizes a move-
ment in which the subunits show a bend-twist motion, representing 
34% of the total variance. In short, this indicates an altered move-
ment pattern in the H-ABC mutants compared to WT.

We further analyzed the angles for a bending and a twisting move-
ment (Fig. 4B). For this, we applied a previously published script (30). 
The overall data distribution of both angles is considerably different 
for some mutants compared to WT (Fig. 4, C and D). In detail, the WT 
heterodimer showed a bimodal distribution of the curvature angle 
(Fig. 4C). This means that the WT heterodimer primarily adopted a 
straight (4°) and a curved (11.7°) conformation. On the other hand, 
a unimodal distribution is shown for p.R2G with a peak at 9.0° and 
for p.R2W at 9.7°. The data dispersion is wider (nearby uniform) for 
p.R2G, suggesting that the p.R2G-containing heterodimer is more 
flexible than the p.R2W counterpart, adopting various straight and 
bent conformations (Fig. 4C). In contrast, the p.D249N mutant has 
a bimodal distribution similar to WT but shifted to the right, with 
global maxima at 7.3° and 12.9°. In addition, a straight conformation 
occurred less frequently than a curved conformation. Therefore, the 
most notable finding is that the mutants have fewer low angular values 
than WT, indicating that the straight conformation is less frequent-
ly adopted. Besides, we observed that the WT TUBB4A–containing 
heterodimer straightened abruptly in two of three runs and remained 
in that position until the end of the simulation (fig. S13A). These 
sudden changes to a straight heterodimer conformation could not 

be detected in any mutants (fig. S13). Furthermore, the data distribu-
tion was also altered for the twisting angle for p.R2W compared to 
WT. While WT, p.R2G, and p.D249N have a unimodal value distri-
bution, a bimodal distribution has been measured for p.R2W (Fig. 4D). 
Thus, the p.R2W mutant seems to adopt a second twisted confor-
mation, which could not be detected for all other heterodimer vari-
ants. Together, for MD, both H-ABC mutants showed pronounced 
altered motions and conformations compared to WT, whereas the 
p.R2G mutant differed solely in the bending angle distribution.

Mutant heterodimers show distinct interaction clusters 
in the intradimer contact area compared to WT
Last, we investigated whether altered interactions within the intradimer 
region could account for the conformational changes. For this, we 
have clustered salt bridges (near the lumen, surface, and within the 
central intradimer interface) and hydrogen bonds (N terminus and 
central intradimer) according to their location in the heterodimer 
(Fig. 5, A and B) when positioned in a microtubule. By analyzing 
the MD trajectories of the WT heterodimer, we found that the in-
teractions in the surface region occurred more frequently in a curved 
conformation. In contrast, the interactions in the lumen region were 
mainly formed in a straight conformation (Fig. 5C). Furthermore, in-
teractions within the central intradimer were present almost through-
out the entire trajectory.

Compared to WT, the p.R2G mutant showed a reduction of 13% 
in the luminal cluster (salt bridges) and the N terminus (hydrogen 
bonds) (Fig. 5, B and D). The other clusters displayed only minor 
differences in this mutant compared to WT. This indicates a gen-
eral destabilization of the luminal/N-terminal intradimer region by 
the p.R2G mutation. In the p.R2W mutant, salt bridges were more 
frequently formed in the surface cluster (Fig. 5E). In the salt bridge 
abundance, the central intradimer and luminal clusters showed a 
reduction of 10 and 20%, respectively (Fig. 5B). Both hydrogen bond 
clusters were also reduced by 5 and 11%. Thus, the p.R2W mutation 
might lead to a more severe luminal and central intradimer destabi-
lization compared to the p.R2G mutation. In contrast, in the p.D249N 
mutant, the binding frequency in both central intradimer clusters was 
increased by 15% (salt bridges) and by 17% (hydrogen bonds) (Fig. 5, 
B and F). In addition, this mutant showed the largest decrease in salt 
bridge frequency in the luminal cluster (40% versus WT) (Fig. 5, B 
and F). The p.D249N mutation seems to substantially stabilize the 
central intradimer region at the expense of luminal contact frequency. 
In summary, the mutations seem to cause a reduction (p.R2G) or a 
shift (p.R2W and p.D249N) in intradimer interactions. This could 
account for the reduced occurrence of a straight heterodimer con-
formation in the mutants compared to the WT.

DISCUSSION
The conundrum to be solved is how different TUBB4A mutations—
some of which are located at the same position in the protein—can 
lead to a pleiotropic disease spectrum, ranging from dystonia with no 
signs of brain degeneration to H-ABC. In general, the manifesting 
phenotype seems to depend on the specific amino acid replacement 
and the respective position within the protein. In this study, we fo-
cused on TUBB4A mutations localized at either the lateral or lon-
gitudinal interaction sites. For TUBB4A in particular, mutations 
positioned within the (longitudinal) intra- and interdimer binding 
sites are usually more deleterious, leading to the complete clinical 
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manifestation of H-ABC (13, 15). As the predominant disease mech-
anism, mutations in the intradimer site could disturb microtubule 
integration (31). In contrast, mutations located at lateral sites (e.g., 
M-loop) or localized at possible MAP interaction sites tend to lead to 
less severe phenotypes, such as dystonia or isolated hypomyelination 
with or without atrophy of either the cerebellum or the basal ganglia 
(11, 12, 15, 24). If the mutation is located on the outer surface of the 
microtubules, then increased microtubule growth could lead to this 
phenotype (32). Furthermore, the particular amino acid exchanged by 
the mutation can also affect the phenotypic appearance. For example, 
the mutation p.R2G leads to a form of dystonia, i.e., DYT-TUBB4A 
(10, 11), whereas p.R2W and p.R2Q result in the development of 
severe H-ABC cases (14, 15), although all three variants are located 
at the same position of the protein. These variants are situated within 
an N-terminal domain, autoregulating -tubulin mRNA instability 
(25, 33). In addition, even within the most severe phenotype (H-ABC), 
various distinct disease courses are observed, depending on the 

mutation (14, 15, 34, 35). For instance, patients with p.R2W show, 
compared to p.D249N carriers, earlier first symptoms and reach fewer 
developmental milestones. To get an insight into whether these de-
grees of severity are reflected at the molecular level, we characterized 
the impact of the representative DYT-TUBB4A–causing mutations 
p.R2G and p.Q424H as well as the H-ABC–causing mutations p.R2W 
and p.D249N on microtubules in vitro.

We first examined their ability to incorporate into microtubules. 
This straightforward procedure is commonly used to gain a first 
insight into the mechanics of tubulin mutations (31, 36–38). We 
demonstrated that all investigated TUBB4A mutations were incor-
porated into microtubules. However, H-ABC–associated mutants 
showed higher cytosolic localization of TUBB4A-GFP compared to 
other TUBB4A forms, indicating a higher amount of nonpolymerized 
TUBB4A-GFP. This observation could be reproduced in the other 
TUBB4A forms after cold shock treatment. Therefore, we suggest 
an antimorphic conformational change in the H-ABC mutants, but 

Fig. 5. Relative interaction frequency of salt bridges and hydrogen bonds within the intradimer contact site. (A) Schematic representation of interaction cluster 
positions in the heterodimer (side view). (B) Heatmap for salt bridges and hydrogen bond contact frequencies. Determining the relative salt bridge and hydrogen bond 
frequency revealed a destabilization in the luminal intradimer region in all mutants. The p.R2W mutant showed a stabilization in the surface cluster and a destabilization in 
the central intradimer (intra) cluster. In contrast, the p.D249N mutant displayed stabilization in the surface and intraclusters. (C to F) Occurrence of three salt bridges during 
conformal changes of the heterodimers. Salt bridges (TUBA1A:TUBB4A): lumen (p.R79:p.E45), central intradimer (p.E71:p.K252), and surface (p.K427:p.K401). In sum, the 
extent to which the luminal heterodimer interactions destabilize and the surface/central intradimer interactions stabilize is consistent with disease phenotype severity.
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not to a complete loss of function of the affected tubulin heterodimers. 
Hence, the H-ABC mutants might act as steric hindrances during 
microtubule assembly.

Regarding mutations affecting the MREI domain, a previous study 
demonstrated a consistent decrease in mutant TUBB4A transcript 
levels in different cell types obtained from a patient harboring the 
p.R2G mutation (11), which is in contrast to earlier publications 
showing that mutations affecting arginine in MREI lead to increase 
in tubulin mRNA levels (25). This discrepancy could be partially 
explained by the difference in cellular models used in those studies, 
the differential behavior of overexpressed versus endogenously ex-
pressed mRNA, or tubulin isotype–specific properties.

Here, we observed no differences in overexpressed TUBB4A 
levels between WT and either p.R2G or p.R2W mutations, suggest-
ing that the impaired autoregulation of TUBB4A mRNA does not 
play a major role in our cell model. This is consistent with the results 
of previous publications addressing mRNA and protein stability 
of TUBB4A (19, 20). Notably, compared to other tubulin isoforms, 
TUBB4A does not appear to be susceptible to pharmacologically in-
duced tubulin mRNA autoregulation (39). Alternatively, we propose 
that the disease-inducing effects of intradimer mutations are mainly 
caused by potential flexibility changes of the heterodimer rather than 
by deregulated mRNA stability.

To understand the effect of TUBB4A mutations on the heterodi-
mer structure and MD, we have modeled and simulated the sterically 
adjacent intradimer mutations p.R2G (dystonia) as well as p.R2W 
and p.D249N (H-ABC) in silico. The dystonia-associated mutation 
p.R2G leads to an exchange of the positively charged arginine to the 
small amino acid glycine, while in p.R2W, the same amino acid is 
exchanged to a bulky, sterically confined tryptophan. In p.D249N, 
a negatively charged aspartic acid is replaced by a polar, uncharged 
asparagine. None of the mutations has altered the globular tubulin 
structure. Notably, all three mutants showed altered bending angle 
distributions compared to WT. The less frequently adopted straight 
conformation in the mutant systems could be explained by the re-
duced formation of luminal salt bridges. Furthermore, both H-ABC 
mutations seem to have rearrangements in the intradimeric contact 
area, which might stabilize the open conformation. Concerning the 
twisting angle, only the p.R2W mutant showed a different bimodal 
angle distribution compared to the other TUBB4A forms. In con-
clusion, regarding the MD, the H-ABC mutants displayed more pro-
nounced differences in the motion and angle analysis to WT than 
the p.R2G mutant. The assumed antimorphic effect of the H-ABC 
mutants could be explained by the reduced probability of adopting 
a straight conformation. Thus, these mutant heterodimers could act 
as steric blocks during microtubule assembly. Nevertheless, disease 
severity may also be influenced by other heterodimer properties not 
studied here, such as lateral interactions with MAPs.

Furthermore, we investigated the impact of TUBB4A variants on 
microtubule dynamics using TIRF microscopy and live-cell imaging 
in primary oligodendrocytes. In line with the microtubule incor-
poration data, mutant tubulins affected the microtubule dynamics. 
When compared to WT TUBB4A, the dystonia-associated mutants 
showed either no differences (p.R2G) or considerably increased 
growth dynamics (p.Q424H). On the other side of the phenotypic 
spectrum, the H-ABC–causing mutations p.R2W and p.D249N showed 
significantly reduced growth dynamics. This underscores our assump-
tion that the H-ABC mutations have a sterically unfavorable effect on 
the heterodimers. One possible reason could be altered heterodimer 

flexibility. This flexibility seems necessary for tubulin heterodimers 
because they have to undergo a conformational transition from a 
curved to a straightened state during microtubule assembly (Fig. 6, 
A to D) (40). Using p.Q424H, we characterized a recently reported 
TUBB4A mutation, leading to a very severe form of dystonia (24). We 
hypothesized a different disease-causing mechanism for this muta-
tion than for the intradimer mutations because it is located on the 
microtubules’ outer side, potentially affecting MAP interactions (see 
kinesin motor interaction with tubulin heterodimer; PDB code: 4LNU) 
(41). Our findings are consistent with previous studies showing that 
tubulin mutations proximal to p.Q424H lead to either longer neurites 
or more stable or faster-growing microtubules (32, 42), indicating a 
gain-of-function mechanism.

We showed that the mutants exhibited differential microtubule 
growth characteristics over time using our microtubule dynamics anal-
ysis approach. For example, we observed that the number of growth 
events decreased substantially in the H-ABC mutants compared to 
WT. The initially high number of growth events indicates very fre-
quent growth pauses, possibly induced by defective incorporation of 
the antimorphic heterodimers. This is in line with the observed fre-
quent EB3-GFP flickering. The sterically unfavorable heterodimers 
potentially accumulate over time in the nonpolymerized tubulin pool, 
as unmutated tubulin might be incorporated more frequently than 
mutated. In parallel, because of this “sorting effect,” the total amount 
of incorporation-competent tubulin might decrease. This assump-
tion could explain the steep decline in growth events and general lower 
growth parameters, as the accumulation of nonpolymerized mutant 
heterodimers could compromise microtubule assembly even more. 
In contrast, the p.Q424H mutant showed significant reductions in 
run length and run time, although the initial values were higher com-
pared to WT. This mutation might enhance microtubule growth 
through a gain-of-function mechanism, resulting in faster incorpo-
ration of nonmutated and mutated heterodimers. Over time, the 
nonpolymerized tubulin pool decreases, leading to a faster growth 
decline. This corresponds with significantly fewer growth events than 
WT due to longer growth phases, which were less often interrupted.

On the methodological aspects of the TIRF experiments, we are 
aware that the high EB3-GFP concentration, which leads to a com-
plete microtubule EB3-GFP decoration, could mask the impact of 
mutations with mild effect on microtubule dynamics. Nevertheless, 
we did not observe any significant differences between WT and p.R2G 
using live-cell recordings, although the EB3-GFP decoration was 
present at the microtubule plus-end tips only. Furthermore, our 
observed WT TUBB4A EB3-GFP velocity data [4 days in vitro 
(DIV)] are consistent with a recent publication analyzing microtu-
bule growth at various time points of oligodendrocyte differentiation 
(43). In our case, the shorter microtubule growth intervals could be 
caused by faster recording rates or based on divergent analysis meth-
ods. Consistent with recent data on microtubule growth in neurons, 
the measured EB3-GFP velocity and displacement length decreased 
with increasing distance to the soma (44). Microtubule growth rates 
are not constant during oligodendrocyte development (43). How-
ever, the effect of altered microtubule dynamics on oligodendrocyte 
differentiation remains to be elucidated.

Notably, we did not observe any evident morphological pertur-
bations in primary oligodendrocytes (DIV4) expressing either of 
the TUBB4A mutants [in contrast to a recent H-ABC mouse model 
(23)]. However, we detected altered microtubule dynamics. Thus, 
morphological changes might occur at later differentiation stages. 
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This is consistent with a recent pharmacological study in which pri-
mary postmitotic oligodendrocytes (DIV3 to DIV10) were treated 
with microtubule stability–modulating agents at sublethal concen-
trations (45). Microtubule polymerization inhibitors (nocodazole 
and vincristine) resulted in a relative increase in both branching and 
myelin basic protein (MBP)–positive areas. Vice versa, decreased 
MBP-positive area and total branching length were observed after 
microtubule stabilization (Taxol and epothilone). Notably, both 
treatment types significantly reduced myelin sheath wrapping events 
along with neuronal extensions. On the basis of our study and the 
data from recent publications, two main disease mechanisms for 
TUBB4A-related conditions can be extrapolated, which eventually 
converge on hypomyelination.

The first one mainly involves precursor-stage oligodendrocytes 
(Fig. 6E). In this mitosis-intensive developmental phase, the TUBB4A 

expression level increases markedly. Therefore, strong microtubule-
destabilizing TUBB4A mutations (e.g., p.R2W and p.D249N) could 
significantly impair cell division, which might be less affected by 
polymerization-promoting mutations (e.g., p.Q424H). This assump-
tion is in line with pharmacological studies in which microtubule-
destabilizing versus microtubule-stabilizing reagents seem more toxic 
for frequently dividing cells (46). Therefore, too few mature oligoden-
drocytes might be formed, resulting in hypomyelination (23). Recent-
ly, a zebrafish model showed that most oligodendrocytes undergo cell 
division directly before final maturation (47). Therefore, future studies 
should focus on the effects of TUBB4A mutations on proliferative oli-
godendrocyte progenitor cells. To our knowledge, the influence of 
TUBB4A mutations on the mitotic spindle apparatus is still unknown.

The second proposed pathomechanism affects postmitotic oligo-
dendrocytes (Fig. 6F). A certain percentage of progenitor cells that 

Fig. 6. Interpretation of the observed effects of TUBB4A mutants on microtubular dynamics, heterodimer flexibility, and oligodendrocytic fate. (A) WT TUBB4A 
can incorporate into microtubules, leading to elongation. (B) MD analysis showed that the WT heterodimer adopts a range of straight and curved conformations. 
(C) H-ABC–causing mutants demonstrated reduced incorporation into microtubules and slower growth. Because of the changes in microtubule dynamics over time, it 
is tempting to speculate that the mutants accumulate in the free tubulin pool. Ultimately, although similar tubulin concentrations could be present compared to WT, the 
amount of incorporable tubulin might be reduced, slowing microtubule growth. (D) The in silico simulation of intradimer mutations revealed that the straight confor-
mation is less likely adopted, possibly leading to sterical hindrances during microtubule polymerization. (E) We hypothesize that TUBB4A mutations severely affecting 
microtubule dynamics disrupt proliferating oligodendrocytes. This results in fewer myelin-forming cells, leading to hypomyelination shortly after birth. (F) Moderate to 
severe TUBB4A mutations presumably enable the formation of myelinating oligodendrocytes. However, the myelination efficiency is markedly reduced because of 
microtubule alterations, displayed by hypomyelination at subtle later time points. In contrast, dystonia-related TUBB4A mutations might only lead to minor changes 
within oligodendrocytes, putatively resulting in altered signal transduction, while MRI scans of the brain show no apparent loss of white matter.



Krajka et al., Sci. Adv. 8, eabj9229 (2022)     11 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 16

can divide despite moderate to strong TUBB4A mutations allow the 
differentiation into mature oligodendrocytes. However, subsequent 
arborization and myelination might be disturbed. This could be 
demonstrated in two rodent models in which uniform microtubule 
polarity was presumably disrupted in oligodendrocytes. In the so-
called taiep rat, a p.A302T TUBB4A mutation might lead to impaired 
intracellular transport (22). In particular, the retrograde dynein-
mediated mRNA transport seems elevated (48). A similar phenotype 
is seen in a microtubule organization–deficient TPPPKO rat model 
(43). In this model, fewer microtubules nucleate from Golgi outposts, 
leading to disruptive microtubule polarization and excessive proxi-
mal extensions. In addition, while myelin sheath connections appear 
normal in these mutants, the individual myelin segments are signifi-
cantly shorter, suggesting, as in the taiep model, a defective intracel-
lular transport–induced hypomyelination.

In the case of dystonia-associated mutations, the second proposed 
pathomechanism might be mainly disease-causing (Fig. 6F). Arbor-
ization and myelination could be impaired sufficiently to affect signal 
transduction, although, in contrast to H-ABC, too mild to promote 
substantial atrophy. This assumption is consistent with the much 
later mean age at onset of TUBB4A-DYT compared to H-ABC. This 
threshold discriminating between cell death and defective signal trans-
duction might explain the pleiotropic clinical pictures of TUBB4A-
related diseases.

Together, our results suggest that the expressivity of the TUBB4A 
mutation–caused clinical manifestations is dependent on the over-
all impact of the mutations on microtubule dynamics. The TUBB4A 
mutations that we analyzed here have differential effects at the cel-
lular and molecular levels that correspond to the type and severity of 
clinical phenotypes. When a certain molecular threshold is exceeded 
(resulting from the expression levels and the type of mutation), the 
effect of altered microtubule dynamics might be severe enough to in-
fluence cellular functions, e.g., mitosis or cell migration. If the altered 
microtubule dynamics can be compensated for during early devel-
opment, then the phenotype might manifest as a long-term effect at 
later time points on other cellular functions, e.g., intracellular trans-
port or signal transduction.

MATERIALS AND METHODS
Plasmid construction and mutagenesis
Plasmids (pER4) expressing GFP-tagged TUBB4A variants and EB3-
GFP were previously described (20). For our recent study, we have 
modified the plasmids to either tag TUBB4A variants C-terminally 
with GFP or coexpress with EB3-GFP. For the former, the frag-
ment encoding for a FLAG-tag was removed and replaced by GFP 
(pER4-TUBB4A-Linker-GFP). For the latter, WT TUBB4A with an 
N-terminal T2A self-cleavage peptide sequence was inserted upstream 
of EB3-GFP (pER4-TUBB4A-T2A-EB3-GFP). The cleavage efficien-
cy was confirmed by immunoblotting. Subsequently, the following 
TUBB4A mutations c.4C>G (p.R2G), c.4C>T (p.R2W), c.745G>A 
(p.D249N), and c.1272G>C (p.Q424H) were generated using the 
QuikChange II site-directed mutagenesis kit (Agilent, Santa Clara, 
CA, USA) according to the manufacturer’s protocol.

Lentiviral particle production for U-2 OS cells
For lentivirus production, Lenti-X 293T cells (Takara) were seeded 
at a density of 0.45 × 106 cells per well of a six-well plate and trans-
fected on the following day with a transfection mix containing 1.6 g 

of pTRIP GFP control plasmid or pER4 vector with TUBB4A-GFP 
variant of interest, 1 g of psPAX2 (a gift from D. Trono; Addgene, 
plasmid #12260), 0.4 g of pCMV-VSVG (a gift from B. Weinberg; 
Addgene, plasmid #8454), 8 l of TransIT-293 (Mirus Bio LLC), and 
200 l of serum-free Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco). The next day, the medium was changed to 1.5 ml per well of 
serum-free minimum essential medium (MEM) (Gibco). The virus-
containing medium was collected 32 hours later, cleared through a 
0.45-m syringe filter, and 400 l per well was directly used to in-
fect U-2 OS cells, seeded at low confluency on 24-well plates and 
12 mm round coverslips.

Immunocytochemistry of U-2 OS cells
U-2 OS cells seeded on 12 mm round coverslips and infected with GFP 
control or TUBB4A-GFP variants were fixed with 4% paraformalde-
hyde 48 hours after viral infection, using a previously described pro-
tocol that allows for better preservation of the microtubule network 
(49). Fixed cells were blocked with 10% horse serum in phosphate-
buffered saline (PBS) for 30 min at room temperature. Afterward, 
the samples were incubated with a monoclonal antibody against 
-tubulin (1:2000 dilution; clone DM1A, Sigma-Aldrich) in PBS con-
taining 0.1% Triton X-100 and 3% bovine serum albumin for 2 hours 
at room temperature. The fixed cells were subsequently washed three 
times with PBS–0.1% Triton X-100 and incubated with a secondary 
antibody (1:500 dilution; Alexa Fluor 647–conjugated goat anti-mouse, 
Invitrogen) and 4′,6-diamidino-2-phenylindole (1 g/ml) for 1 hour 
at room temperature. Following three final washes, the cells were 
mounted on microscopy slides using the ProLong Gold antifade re-
agent (#P36934, Life Technologies). The samples were imaged as 
Z-stacks on a Nikon Ti-E spinning disc inverted confocal laser micro-
scope equipped with a 60×/1.45 numerical aperture (NA) oil im-
mersion objective and a complementary metal-oxide semiconductor 
camera (Photometrics). The Z-stacks were processed with ImageJ as 
follows: The plane was set to the image with the highest brightness, 
and the brightness/contrast was reset for the whole stack. Images 
at the outer edge of the Z-stack were discarded when out of focus, 
while the remaining stack always contained the same number of im-
ages for all samples. Subsequently, a maximum intensity projection 
was created, and an unsharp mask (radius, 1.0 pixels; mask weight, 
0.60 pixels) was applied.

Cold shock treatment of U-2 OS cells
To depolymerize the microtubule network, U-2 OS cells seeded on 
12 mm round coverslips and transduced with either GFP or TUBB4A- 
GFP variants 48 hours before the cold shock treatment were placed 
on ice and incubated for 5 and 20 min, respectively. At the desired time 
point, the cells were fixed with ice-cold methanol for 5  min at 
−20°C. The fixed cells were subsequently washed three times with 
PBS, and immunocytochemistry was performed as described above.

Western blot of TUBB4A-GFP forms in U-2 OS cells
U-2 OS cells seeded on 24-well plates, expressing either GFP or 
TUBB4A-GFP variants for 48 hours, were lysed in 50 l per well of 
2.5× Laemmli buffer [50 mM dithiothreitol, 4% SDS, 160 mM tris-
HCl (pH 6.8), 20% glycerol, and bromophenol blue]. The samples 
were denatured at 95°C for 5 min, and the proteins were separated 
by SDS–polyacrylamide gel electrophoresis using 10% gels and subse-
quently transferred onto a nitrocellulose membrane using a Bio-Rad 
Trans-Blot Turbo system, as per the manufacturer’s instructions. 
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The membranes were blocked for 1 hour at room temperature (or at 
4°C overnight) in 5% skimmed milk in 1× PBST (PBS containing 
0.1% Tween 20). Next, the membranes were incubated for 1.5 hours 
at room temperature with primary antibody cocktails, consisting 
either of anti-GFP (1:5000 dilution; rabbit polyclonal, Torrey Pines 
Biolabs) and anti–-tubulin (1:1000 dilution; 12G10, mouse mono-
clonal; J. Frankel, University of Iowa) antibodies or of anti-GFP and 
anti–-tubulin (1:500 dilution; AXO45, mouse monoclonal) anti-
bodies in 5% skimmed milk in 1× PBST. The membranes were washed 
three times with 1× PBST for 5 min while agitating, followed by 
incubation with a secondary antibody mix consisting of horseradish 
peroxidase–conjugated goat anti-rabbit and goat anti-mouse antibodies 
(1:10,000 dilution each; Bethyl Laboratories) in 1× PBST. Last, the 
membranes were washed three times as above. The chemiluminescence 
signal was revealed using the Clarity Western ECL Substrate (Bio-Rad) 
solution and detected in a Fusion FX imaging system (VILBER).

Lentiviral particle production for oligodendrocytes
Lentiviral particles were produced according to previously published 
protocols (50). In short, 1 day before transfection, 1.5 × 106 HEK293T 
cells [American Type Culture Collection (ATCC)] were plated on 
100-mm dishes (Corning) in DMEM (PAA Laboratories) supple-
mented with 10% (v/v) fetal bovine serum (FBS) (PAA Laboratories) 
and 1× penicillin-streptomycin (PAA Laboratories). The transfec-
tion mix consisted of 300 l of Opti-MEM (Thermo Fisher Scientific), 
2.5 g of transfer vector (pER4; Novartis), 2.5 g of pCMV-R8.2 
(Addgene), 0.3 g of pCMV-VSV-G (Addgene), and 20 l of Fugene 
HD (Promega). Per construct, four dishes were prepared. One day 
later, the medium was changed. The next day, the supernatant was 
collected and filtered (0.45-m pore size; Merck), and the viral parti-
cles were enriched using ultracentrifugation (Beckman) at ~140,000g. 
The pellet was resuspended in 150 l of Opti-MEM, aliquoted, and 
stored at −80°C. For each experiment, the needed lentiviral particles 
were produced in batches to reduce intraexperimental deviations. 
Each batch was tested for comparable overexpression efficiencies, 
and the required transduction volumes were determined.

Mouse oligodendrocyte preparation
Primary murine oligodendrocytes were isolated, proliferated, and 
differentiated as described before (51–53), except that solely the 
number of vital cells was considered for all cell-based calculations. 
Tissue collection was authorized by the local animal ethics commit-
tee (Ministerium für Energiewende, Landwirtschaft, Umwelt, Natur 
und Digitalisierung, Kiel, Germany). Mice were kept at constant tem-
perature (22°C) on a 12-hour light/dark cycle and were provided 
with standard laboratory chow (2.98 kcal/g; Altromin, Hannover, 
Germany) and water ad libitum. In short, neonatal mice (P5 to P7 
WT C57BL/6N; Charles River Laboratories) were euthanized using 
decapitation. The collected cortices were mechanoenzymatically 
dissociated using scalpel blades (Feather) and pipetting in a papain 
solution (Worthington). After a cell-bead hybridization step, O4+ 
cells were sorted by magnetic cell separation (Miltenyi Biotech, 
Bergisch Gladbach, Germany). Last, 100 l of cell suspension (~1.25 × 
106 vital cells/ml) was plated dropwise in a chessboard-like manner 
onto poly-d-lysine/laminin-coated (Merck) 27-mm glass-bottom 
dishes (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The 
dropwise plating ensured high local cell densities, improving cell via-
bility and providing sufficient cells per experiment. After cell attach-
ment, the dishes were filled with proliferation medium, supplemented 

with lentiviral particles. One day later, the medium was replaced by 
differentiation medium. Three days later, microtubule dynamics and 
microtubule incorporation were investigated.

Live-cell imaging of oligodendrocytes
All live-cell images were taken using an LSM710 laser confocal mi-
croscope (Zeiss) with a Plan-Neofluar 40×/1.3 NA oil immersion ob-
jective (Zeiss). To ensure oligodendrocytic identity, live O4 staining 
was applied before (54) each investigation. The integration of GFP-
tagged TUBB4A forms into the microtubule lattice was determined 
using the colocalization of SiR-tubulin–stained microtubules. For this, 
oligodendrocytes were treated with 100 nM SiR-tubulin (Spirochrome) 
and 10 M verapamil (Spirochrome) 30 min before image acquisition 
in the differentiation medium.

Microtubule dynamics were investigated as described (20). Brief-
ly, each cell was recorded for 1 min with a frequency of 1 Hz. Each 
time series was processed using ImageJ to enhance the signal-to-
noise ratio as follows: Bleach Corrected (exponential fit), Gaussian 
Blur (, 0.65 pixels), Unsharp Mask (radius, 1.5 pixels; mask weight, 
0.60 pixels), and Multi Kymograph/walking average (two frames). 
The EB3-GFP comets were tracked using u-track (2.2.0) (55, 56), and 
regions of interest (soma and processes) were manually set. The anal-
ysis pipeline was as follows: Microtubule plus-ends, detection (comet 
detection), tracking, and track analysis (microtubule dynamics clas-
sification) were applied by default settings. However, if necessary, 
then the low- and high-pass Gaussian SDs (LP and HP) and water-
shed segmentation parameters [minimum threshold (MT); thresh-
old step size (TSS)] for comet detection were gradually increased to 
minimize nonspecific skipping of comet trajectories (at the cost of 
lower EB3-GFP comet number detection). This artificial jumping 
can lead to incorrectly longer and faster trajectories and should thus 
be reduced to a minimum. Typical adjusted parameter settings ranged 
between 1/4:3/1, 2/4:4/2, and 3/5:5/3 (LP/HP:MT/TSS). Mean values 
per cell were plotted as boxplots and tested using one-way analysis 
of variance (ANOVA) and corrected for multiple comparisons via 
Tukey test (GraphPad Prism, version 6.01).

Sholl analysis
The arborization of oligodendrocytes was assessed using an ImageJ 
plugin (Sholl Analysis 4.0.3) (57). For this purpose, one tile scan 
(~950 m by 960 m) was performed for each biological replicate. 
Only GFP+ and O4+ cells were used for further analysis. Each double-
positive cell was cut out of the tile scan (depending on morphology of 
~150 m by 150 m) and stored separately, and a binary mask was 
created on the basis of the O4 staining. Adjacent cells/protrusions 
were manually removed from the image. The Sholl analysis was started 
from the somatic center (step size, 2 m), with the first ring approx-
imately 10 m distant from the center. Data extraction and visual-
ization were performed using Jupyter notebook (version 6.0.1) and 
Excel (Microsoft Corporation, version 2013).

Whole-cell lysate preparation of HEK293T cells
Whole-cell lysates were prepared as described recently (58). In detail, 
HEK293T cells (ATCC) were maintained in DMEM (Life Tech-
nologies) supplemented with 10% (v/v) FBS (Sigma-Aldrich) and 
1× penicillin-streptomycin (Life Technologies). Transfection with 
TUBB4A-expressing plasmids was performed as described before 
(59). Briefly, the day before the transfection, 2 × 106 cells were plated 
per 60-mm dish (Corning). Per construct, five dishes were prepared. 
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The next day, when the cells were ~80% confluent, the following 
transfection mix was applied per dish: 10 l of JetPEI (Polyplus) and 
5 g of plasmid, filled with FBS-free DMEM up to a total volume of 
500 l. Two days later, the cells were detached by pipetting with ice-
cold 1× PBS, collected in 50 ml of Falcon tubes, and pelleted for 10 min 
at 4°C and 453g. Next, the medium was removed, and the pellet was 
resuspended in 150 to 180 l of ice-cold Brinkley Renaturing Buffer 80 
(BRB80) buffer [80 mM K-Pipes (pH 6.8), 1 mM EGTA, and 1 mM 
MgCl2] supplemented with 0.05% Triton X-100 and 1× protease in-
hibitor. During an incubation period of 10 min on ice, the samples 
were mixed twice by vigorous pipetting (without bubble formation). 
Subsequently, the lysate was transferred into 1.5-ml Beckman ultra-
centrifuge tubes followed by three times pulse sonication using a 
6.5-mm probe (Branson) (output control, 1; duty cycle, 10%) and 
ultracentrifuged (Beckman TLA 55 rotor, Beckman Coulter optima 
MAX-XP) for 25 min at 4°C and 33,800g. The supernatant was ali-
quoted in 10-l volumes, snap-frozen in liquid nitrogen, and stored 
at −80°C. For every experiment, lysates were produced in batches to 
reduce intraexperimental deviations. The batches were first checked 
under a fluorescence microscope and discarded if the samples’ EB3-GFP 
expression levels were not uniform.

Protein quantification for TIRF assays
To maintain similar assay conditions, we measured the total protein 
concentration of all lysates after each preparation as recently described 
(58). Because of the highly controlled tubulin expression levels in 
cells [~3% of the total protein in cultured cells is tubulin (60)], the 
assessed and equalized total protein concentrations assured repro-
ducible tubulin content in all assays. Using bicinchoninic acid (BCA) 
protein assay (Thermo Fisher Scientific), according to the manufac-
turer’s instructions, the total protein amount was determined by 
mixing lysates with freshly prepared BCA reagent (sample/reagent: 
1/8). The mixture was incubated for 30 min at 37°C, and the absor-
bance was measured at 562 nm with a microplate reader (TriStar2 
LB 942) using MikroWin 2010 software. The absorbance values of 
the standard bovine serum albumin dilution series were plotted and 
fitted to a linear equation to give the total protein concentration (61). 
Representatively, for one batch, we assessed the EB3-GFP concen-
tration in the lysates using immunoblot. For this purpose, a standard 
dilution series of purified GFP (of known concentration) and the 
lysates (the same total protein amount was loaded; each lysate was 
adjusted beforehand to 4 g/l total protein concentration) were 
examined (fig. S4B). The immunoblot was carried out, as described 
above, except for the anti-GFP antibody dilution (1:2500; rabbit poly-
clonal, Torrey Pines Biolabs). The average EB3-GFP concentration 
in this batch was 1.8 M (±0.12 M). Because of the complete T2A 
self-cleavage, the TUBB4A concentration was assumed to be equi-
molar present in the lysates (fig. S4).

TIRF chamber preparation
The preparation of the TIRF chambers was described recently (58). 
For this, an adapted protocol was used to fabricate microfluidic cham-
bers from (62, 63) using 24 mm by 60 mm glass slides (Thermo Fisher 
Scientific) and 22 mm by 22 mm coverslips (VWR; thickness no. 1.5). 
The glassware was cleaned beforehand using ultrasonic baths. In 
short, the slides and coverslips were each placed into 500-ml bottles 
and filled consecutively with pure acetone. To avoid sticking to-
gether, the glassware was wiped with Kimtech paper and placed into 
the bottles one by one. Next, the bottles were put in an ultrasonic bath 

(Diagenode Bioruptor standard sonicator) and sonicated for 15 min 
at room temperature. Subsequently, the acetone was discarded, and 
the bottles were washed with ultrapure water. Sonication was repeated 
with ultrapure water and absolute ethanol, followed each by wash-
ing with ultrapure water. Last, the glassware was stored in absolute 
ethanol. For the microfluidic chamber assembly, each glassware was 
separately flamed and placed onto Kimtech paper. Subsequently, 
five long (~2 mm by 28 mm) pieces of double-sided adhesive tape 
(Tesa) were pressed with the backside of forceps onto a glass slide. 
The protective sheet was peeled off with forceps, and a coverslip was 
carefully pressed onto them. The resulting four reaction channels 
had a volume of ~6 to 8 l each.

GMPCPP seed production
GMPCPP-MT seeds were made in 60 l of BRB80 buffer consisting 
of 20 M total tubulin [~85% unlabeled pig brain tubulin (64) and 
~15% rhodamine-labeled porcine brain tubulin (Cytoskeleton Inc.)]; 
see (58). First, insoluble components were removed by centrifuga-
tion (98,400g, 4°C, 30 min). Then, the supernatant (soluble tubulin 
fraction) was transferred to a new tube, and GMPCPP (final 0.5 mM; 
Jena Biosciences) was added and incubated on ice for 5 min, followed 
by incubation at 37°C for 1 hour. The polymerized GMPCPP-MTs 
were pelleted at 37°C, 20,000g for 10 min and washed with warm 
BRB80 buffer at 37°C, 20,000g for 3 min. Last, the GMPCPP-MT 
pellet was resuspended in 75 l of warm BRB80 buffer containing 
10% (v/v) glycerol, aliquoted (2.5 l), snap-frozen in liquid nitrogen, 
and stored at −80°C.

TIRF microscopy
The TIRF assays were performed as described here (58). To reduce 
unspecific binding, microfluidic chambers were blocked for 5 min 
with -casein (50 g/ml in BRB80; Sigma-Aldrich). To ensure growth 
of the MTs along the glass surface, the chambers were subsequently 
coated with 0.75 M truncated mouse kinesin-1 KIF5B mutant (65) 
for 5 min. The purification of this 6His-mKIF5B_N555Thr92Asn form 
was described in (66). GMPCPP-MT seeds were resuspended in warm 
BRB80 and administered into the chambers. After 5 min, nonattached 
seeds were flushed out using warm BRB80. The density of the seeds 
was immediately verified under the TIRF microscope. During the 
microfluidic chamber preparation, the whole-cell lysates were first 
adjusted with cold BRB80 to 3 g/l and stored on ice. Less diluted 
samples (e.g., 8 l/g) resulted in too rapid (incompatible with the 
used recording rate) and seed-independent microtubule growth. After 
the cell lysates were flushed into the chambers, the glass slide was 
transferred to the TIRF microscope and was immediately imaged. The 
whole-cell lysate studies were carried out with a Nikon Ti-E azimuthal 
TIRF using an iLas-2 system (Gataca Systems) on an inverted micro-
scope with a 100× TIRF/1.49 NA oil immersion objective with Nikon 
Perfect Focus System. The image series (68.1 m by 68.1 m) were 
recorded using an Evolve electron-multiplying charged-coupled device 
camera (Photometrics) and controlled with MetaMorph software. Each 
experiment was monitored for 400 s with a frame interval of 2.17 s.

The videos were processed using ImageJ (67). Briefly, xy drifts were 
eliminated with the StackReg plugin (68), followed by background 
subtraction (rolling ball radius, 20 pixels). The signal-to-noise ratio 
of kymographs was improved with the Gaussian blur (, 0.7 pixels) 
and the Unsharp Mask (, 2 pixels; mask weight, 0.7 pixels) functions, 
respectively. Using the Simple Neurite Tracer plugin (69), the EB3-GFP 
tracks were traced, resulting in path lengths and the corresponding 
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start and end points as spatiotemporal xy coordinates. These coor-
dinates were used to calculate the velocities, run times, run lengths, 
and the number of growth events. The growth of a microtubule (and 
the resulting velocity, run length, and run time) was analyzed in in-
dividual steps between pause events and not as the entire growth 
course of a kymograph. The distribution of the raw data was visual-
ized as rain cloud plots (70). The data distribution was tested using 
one-way ANOVA and corrected for multiple testing (Dunnett); the 
adjusted P values for significant differences are shown (GraphPad 
Prism version 6.01). For the presentation of the temporal change of 
microtubule dynamics, all measured events per frame were summed 
up and divided by the number of measured microtubules. Data ex-
traction and visualization were performed using Jupyter notebook 
(version 6.0.1) and Excel (Microsoft Corporation, version 2013).

Molecular modeling
A suitable template structure had to be found because no three-
dimensional structure was available for a TUBA1A/TUBB4A het-
erodimer simulation. Therefore, we searched for an unmutated, 
drug-free, and curved template crystal structure, which should be 
highly similar to a TUBA1A/TUBB4A heterodimer (UniProt IDs: 
Q71U36/P04350). Homology detection was conducted with HHpred 
(71) using the PDB_mmCIF70 database (November 2017). We chose 
the 11 heterodimer (TUBA1B/TUB2B) of a tubulin-stathmin 
complex [PDB code: 4IHJ (29)] given that it had the highest ho-
mology for both tubulin subunits and met all previously mentioned 
conditions.

The following steps were performed using the Schrödinger Suite 
molecular modeling package (72). In analogy to the HHPred align-
ment, the WT homology model of TUBA1A/TUBB4A heterodi-
mer [p.M1-V437 (TUBA1A) and p.M1-A428 (TUBB4A)] was built 
knowledge-based using Prime (73, 74), including heterodimer-
associated Mg2+ (E- and N-site) and guanosine diphosphate (E-site) 
and guanosine triphosphate (N-site). Nontemplate loops were refined 
with the variable-dielectric surface area-based generalized Born (VSGB) 
solvation model using the Prime Loop Refinement. The overall sta-
bility of the model was verified using a Ramachandram plot. Steric 
conflicts, bond lengths, angle deviations, etc. were fixed using the 
Protein Preparation Wizard (75). The obtained WT homology model 
was used to introduce each of the p.R2G, p.R2W, and p.D249N mu-
tations into the  subunit, generating three new mutant heterodimers. 
The corresponding amino acid side chains were generated, using 
the most sterically favorable rotamers. Last, all four respective het-
erodimers were energy-minimized using the OPLS3e force field 
(76) to a gradient of 0.05 by Prime.

Molecular simulation
The following molecular simulations were performed using Desmond 
Schrödinger Release 2019-1 (77). For each minimized structure, an 
orthorhombic simulation box with periodic boundary conditions 
was calculated using the buffer method, in which the heterodimer 
has at least 15-Å distance to all sides of the box (total size of ~132 Å 
by 92 Å by 90 Å). The system was equilibrated with TIP3P water 
molecules and neutralized with 150 mM NaCl. Before the simulation, 
the system was relaxed. Each heterodimer was simulated three times 
for 1 s, with a recording interval of 300 ps under constant parti-
cle number, pressure, and temperature (NPT) conditions using 
Nose-Hoover chain temperature coupling and Martyna-Tobias-Klein 
isotropic scaling at 300 K and 1.01325 bar, respectively.

After the simulations, the RMSD and RMSF were analyzed using 
an in-built simulation interaction diagram of Desmond Schrödinger 
Release 2019-1. The PCA was performed with an in-build script 
(trj_essential_dynamics.py) to investigate the most prevalent motions 
during the simulations. For the intradimer angle determination, a 
previously published script was applied (30). For this, each subunit of 
a simulated heterodimer was aligned to a reference structure (PDB 
ID: 3J6E), and the curvature and twisting movements relative to the 
reference structure were measured. As described earlier (30, 78), the 
following domains were used for alignment: C for -tubulins: p.M1 
to p.I30, p.V62 to p.D205, and p.A383 to p.E433; C for -tubulins: 
p.M1 to p.D203 and p.T372 to p.D427. Clockwise twisting motions 
(viewed from the microtubule plus-end) were defined as positive 
values and anticlockwise twists as negative values (30).

Intradimer H-bond and salt bridge interactions were analyzed 
with a customized Python script (trj_analyze_pp.py; Schrödinger). 
The script took into account the periodic boundary conditions. For 
the hydrogen bonds, the following rules were applied: minimum 
acceptor angle of 90°, minimum donor angle of 120°, and maximum 
distance of 2.5 Å; for the salt bridges, a maximum distance of 4 Å was 
considered. The frequency was defined as interaction occurrence/
frame count. The interactions were not differentiated in donor and 
acceptor directions. The salt bridge clusters consisted of the follow-
ing interactions (TUBB4A-TUBA1A): p.E45-p.R79 and p.R46-p.D76 
(frontal); p.R251-p.E97, p.R251-p.D98, p.K252-p.E71, and p.K252-p.
D98 (center); and p.D427-p.K401 (back). The hydrogen bond clus-
ters enclosed these interactions (TUBB4A-TUBA1A): p.M1-p.K96, 
p.M1-p.D98, p.R/G/W2-p.D98, and p.R/G/W2-p.K96 (N terminus) 
and p.D/N249-p.E71, p.D/N249-p.D98, p.R251-p.E97, p.R251-p.D98, 
p.K252-p.E71, p.K252-p.D98, and p.252K-p.N101 (center). Data ex-
traction and visualization were performed using Jupyter notebook 
(version 6.0.1) and Excel (Microsoft Corporation, version 2013).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9229

View/request a protocol for this paper from Bio-protocol.
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