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Abstract

The assembly of microtubule-based cellular structures depends on regulated tubulin
polymerization and directional transport. Here, we purify and characterize tubulin heterodimers
that have human B-tubulin isotype 111 (TUBB3), and heterodimers with one of two B-tubulin
mutations (D417H or R262H). Both point mutations are proximal to the kinesin binding site and
have been linked to an ocular motility disorder in humans. Compared to wild-type, microtubules
with these mutations have decreased catastrophe frequencies and increased average lifetimes of
plus- and minus-end stabilizing caps. Importantly, the D417H mutation does not alter microtubule
lattice structure or Mal3 binding to growing filaments. Instead, this mutation reduces the affinity
of tubulin for TOG domains and colchicine, suggesting that the distribution of tubulin heterodimer
conformations is changed. Together, our findings reveal how residues on the surface of
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microtubules, distal from the GTP-hydrolysis site and inter-subunit contacts, can alter

polymerization dynamics at the plus- and minus-ends of microtubules.
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Introduction

Heterodimers of a/B-tubulin undergo GTP-dependent polymerization to form microtubules,
cytoskeletal filaments essential for diverse cellular processes including neuronal transport,
cell migration and cell division (Desai and Mitchison, 1997; Heald and Khodjakov, 2015;
Kapitein and Hoogenraad, 2015). The proper organization of microtubules depends on
dynamic instability, the stochastic transitions of the microtubule between growth and
shrinkage, and on microtubule-associated proteins (MAPS) that can step along these
filaments to transport cargoes or regulate filament polymerization dynamics (Heald and
Khodjakov, 2015; Nogales and Zhang, 2016). Consistent with these basic functions,
mutations in tubulin or MAPs that disrupt MAP-microtubule interactions can lead to
defective cytoskeletal architectures and have been linked to disease (Hirokawa et al., 2009;
Niwa et al., 2013; Tischfield et al., 2011).

We now have good structural models for tubulin heterodimers, microtubules, and how motor
and non-motor MAPSs interact with conserved amino acids on the surface of the hollow tube-
like filament (Nogales and Zhang, 2016). MAPs such as the end-binding (EB) proteins that
regulate microtubule polymerization dynamics bind tubulin subunits at sites proximal to the
GTP-binding pocket of tubulin to sense and modulate changes in nucleotide states that
directly contribute to polymerization dynamics (Akhmanova and Steinmetz, 2010; Maurer et
al., 2012). In contrast, MAPs such as kinesins that move directionally along the microtubule
lattice interact with surface-exposed residues that are distal from tubulin’s GTP-binding site
and the contact regions between different subunits (Nogales and Zhang, 2016). Based on
structural data alone, we would not expect that these surface residues are involved in
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modulating microtubule polymerization dynamics. However, the effect of mutating residues
proximal to the kinesin binding site on parameters of dynamic instability or on tubulin and
microtubule conformation is not known.

There are seven a- and eight B-tubulin isotypes in humans (Luduefia and Banerjee, 2008).
The distribution of these isotypes varies across different tissues, with B-tubulin isotype 111
(TUBB3) expression mainly limited to developing and mature neurons (Jiang and Oblinger,
1992). Heterozygous point mutations in TUBB3 have been identified in patients with severe
congenital fibrosis of the extraocular muscle type 3 (CFEOM3), an ocular motility disorder
(Tischfield et al., 2010). Studies in mice and budding yeast suggest that the phenotypes
associated with heterozygous TUBB3 mutations are likely due to reduced binding to
kinesins (Niwa et al., 2013; Tischfield et al., 2010). Currently, it is difficult to establish if
these mutations directly reduce binding to MAPs. It is also unclear if these mutations in
tubulin alter polymerization dynamics. This is in large part due to the challenges in
generating human tubulin from recombinant sources.

To examine the contribution of surface residues in TUBBS3 to the structural and biochemical
properties of microtubules, we devised a strategy to generate recombinant tubulin
heterodimers that have human TUBB3. We determined the high-resolution structure,
characterized the binding to MAPs and analyzed the polymerization dynamics of wild-type
and mutant tubulins. Surprisingly, we find that two disease-related point mutations in
TUBB3, D417H and R262H, alter polymerization dynamics at microtubule plus- and minus-
ends. Further, we show that mutant tubulin has a lower affinity for both TOG domains and
colchicine compared to wild-type tubulin, suggesting that the mutations alter the equilibrium
of ‘curved’ and ‘straight’ tubulin heterodimers. Finally, by examining the properties of
microtubules assembled from mixtures of wild-type and mutant tubulins, we dissect how the
presence of sub-stoichiometric levels of mutant B-tubulin can have distinct effects on MAP
binding and dynamic instability.

Purification of recombinant tubulin heterodimers that have wild-type and mutant TUBB3

To generate recombinant human tubulin we first used a recently reported insect cell-based
strategy (Minoura et al., 2013). However, in our hands, this immunoprecipitation approach,
which generates FLAG-tagged p-tubulin and hexa-histidine-tagged a-tubulin, produced an
insufficient yield of pure tubulin. Therefore, to generate recombinant tubulin in sufficient
yield and to remove any affinity tags, we significantly redesigned the method, incorporating
a cleavable hexa-histidine tag at the C-terminus of B-tubulin, and left a-tubulin untagged.
Tagging both a- and p-tubulin substantially reduced the overall protein yield (data not
shown). To purify tubulin we designed a three-step purification strategy that employs nickel
affinity chromatography, cleavage of the hexa-histidine tag on p-tubulin, and TOG-domain
affinity chromatography (Widlund et al., 2012) (Fig. 1A). This protocol typically yielded
>95% pure tubulin in amounts sufficient for biochemical and biophysical studies (1.5 mg
tubulin per liter of cultured insect cells) (Fig. 1B). We generated recombinant forms of wild-
type TUBB3 and two CFEOM3-linked TUBB3 mutants, D417H and R262H (Fig. 1B).
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Protein immunoblots showed that purified recombinant human tubulin has no detectable
hexa-histidine tag (Fig. 1C).

We next used mass spectrometry to confirm the presence of mutated residues (Fig. SIA-C)
and found that purified a/p-tubulin consisted of >99% recombinant TUBB3 and an
equimolar mixture of recombinant human (isotype a1B) and endogenous insect a-tubulin
(Fig. S1D). As human and insect a-tubulin are ~97% identical by sequence (Fig. S1D), we
expect that its presence is not likely to have a substantial impact on our analyses. We believe
that our recombinant tubulin purification strategy is particularly useful for directly
comparing wild-type and mutant forms of human B-tubulin. Hereafter, to emphasize the
specific B-tubulin present in the purified tubulin, we refer to our wild-type tubulin as ‘wild-
type TUBB3’ and the mutant forms as ‘TUBB3-D417H’ and ‘TUBB3-R262H’.

We analyzed the recombinant wild-type and mutant TUBB3 using two approaches. First,
size-exclusion chromatography indicated that purified recombinant wild-type and mutant
TUBBS3 exist as stable dimers in solution with Stokes radii (43 A) similar to that of bovine
tubulin (Fig. 1D and E) purified using standard methods involving polymerization/
depolymerization cycles (Al-Bassam et al., 2006; Gell et al., 2011). Second, fluorescence
microscopy-based analysis indicated that wild-type TUBB3, TUBB3-D417H and TUBB3-
R262H polymerized to form microtubules in the presence of GTP and taxol (Fig. 1F-H).

Disease-related point mutations in TUBB3 reduce binding to motor and non-motor MAPs

To determine effects of the D417H and R262H tubulin mutations on the binding to motor
and non-motor MAPs, we first used a TIRF microscopy-based assay (Fig. 2A). We analyzed
the association of taxol-stabilized microtubules with GFP-tagged kinesin superfamily
proteins that share a motor domain conserved in both structure and sequence (Vale and
Fletterick, 1997) (kinesin-1AC and kinesin-5, in the presence of 2 mM MgATP), and two
non-motor MAPs that have structurally distinct microtubule binding motifs (PRC1-SC and
NuMA tail 11) (Fig. 2B) (Haren and Merdes, 2002; Subramanian et al., 2010). We found that
all of the tested MAPs associate more strongly with wild-type TUBB3 microtubules than
with mutant microtubules (Fig. 2C and D, Fig. S2A and B). The GFP fluorescence intensity
per micron of microtubule length indicated that under our assay conditions these MAPs have
a 5-10 fold reduction in direct association with microtubules polymerized either with
TUBB3-D417H or TUBB3-R262H compared to wild-type microtubules (Fig 2E-H).

We next used a microtubule co-sedimentation assay to measure the apparent dissociation
constants (Ky) of wild-type and mutant TUBB3 for PRC1-SC (Fig. 21) and kinesin-1AC (in
the presence 2 mM non-hydrolyzable ATP analogue MgAMPPNP) (Fig. 2J). The affinity of
wild-type TUBB3 microtubules for PRC1-SC and kinesin-1AC is 160+30 and 90+30 nM,
respectively. In comparison, microtubules with point mutation D417H in TUBB3 bind
PRC1-SC with a 2-fold lower affinity (370+20 nM) and bind kinesin-1AC with an 8-fold
lower affinity (720+30 nM) (Fig. 2K and L). Furthermore, microtubules polymerized with
TUBB3-R262H have a 2-fold lower affinity (300+30 nM) for PRC1-SC and a 9-fold lower
affinity (83060 nM) for kinesin-1AC (Fig. 2K and L). Our findings indicate that both D417
and R262 residues contribute to the direct binding of microtubules to motor and non-motor
MAPs. These results are largely expected based on available structural models (Gigant et al.,
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2013) in which both these residues, whose side chains can make electrostatic contacts with
each other, are positioned proximal to where these MAPs bind (Fig. S2C).

TUBB3-D417H and TUBB3-R262H microtubules have altered intrinsic polymerization
dynamics compared to wild-type microtubules

We next employed a TIRF-based single filament assay to analyze polymerization dynamics
of wild-type TUBB3 (Fig. 3A). As a template for microtubule formation, we used
GMPCPP-stabilized ‘seeds’ generated with wild-type TUBB3 tubulin. In the presence of
soluble tubulin and GTP (1 mM), microtubules were observed to grow and shrink at both
ends of seeds (Fig. 3B). Kymographs of individual microtubules show a noticeable
difference in the length and growth rates of microtubule polymer assembled from one end of
the seed compared to the other (Fig. 3C). Hereafter, as per convention, the faster growing
end is referred to as the plus-end, and the slower growing end as the minus-end. We next
measured key parameters of microtubule dynamic instability, including rate of growth
(polymerization rate) and the likelihood of transition from relatively slow growth to rapid
shortening (catastrophe frequency) (Desai and Mitchison, 1997) at both plus- and minus-
ends.

The polymerization rate from plus-ends increased with tubulin concentration and could be fit
to a line (Oosawa, 1970), whose slope and intercept suggested the apparent association (k)
and dissociation (k.) rate constants of tubulin subunits (k;=1.7+0.15 uM~1s~1 and
k.=1.1+1.5 s71) in the 1-D model (Fig. 3D). By contrast, the minus-end polymerization rate
of wild-type TUBB3 was relatively constant across the range of tubulin concentrations
tested (Fig. 3D). The catastrophe frequency was 0.1+0.01 min~1 for plus-ends and 0.09+0.01
min~1 for minus-ends at a tubulin concentration (10.5 uM) close to physiologic levels (Fig.
3E). While variation in catastrophe frequency was observed at different tubulin
concentrations, the scatter in these data did not allow for the establishment of a strong
correlation between catastrophe frequency and concentration. Together, these data
demonstrate wild-type TUBB3’s dynamic instability and yield the key parameters, which
thus far have not been available for any purified human tubulin isotype.

We next examined the dynamics of mutant TUBB3 microtubules. At equivalent time
intervals, TUBB3-D417H and TUBB3-R262H assembled longer microtubule extensions
from GMPCPP-stabilized seeds compared to wild-type TUBB3 across different tubulin
concentrations (Fig. 3F-1). We first focused on plus-end dynamic instability parameters. For
TUBB3-D417H, polymerization rates at plus-ends of microtubules were ~1.7-fold faster
than those for wild-type TUBB3 (10.5 pM), with a 2-fold higher k, and a 7-fold higher k.
(Fig. 3J). Remarkably, these microtubules were substantially more stable, undergoing
catastrophe ~4-fold less frequently than did microtubules assembled from wild-type TUBB3
(10.5 uM, Fig. 3K). In the case of TUBB3-R262H, the polymerization rates at plus-ends
were similar to those measured for wild-type TUBB3 (Fig. 3J). The catastrophe frequency at
microtubule plus-ends was 3-fold lower than wild-type TUBB3 (10.5 uM, Fig. 3K). Based
on the model developed by Leibler and colleagues (Verde et al., 1992) and these
measurements, we estimate that TUBB3-D417H microtubules would be, on average, ~7
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times longer than wild-type, and TUBB3-R262H microtubules would be ~3 times longer
than wild-type (detailed calculation is provided in Supplemental information).

D417H and R262H mutations in TUBB3 not only affect microtubule polymerization
dynamics at the plus-ends but also alter filament dynamics at the minus-ends. The growth
rates of TUBB3-D417H microtubule minus-ends were substantially faster than those we
measured for wild-type TUBB3 and varied with tubulin concentration (k+=1.4+0.23
uM~Is1and k.=1.2+#2.1 s1, Fig. 3L). Furthermore, catastrophe frequency was ~2-fold
lower for TUBB3-D417H compared to wild-type tubulin (10.5 uM, Fig. 3M). In the case of
TUBB3-R262H microtubule minus-ends, the catastrophe frequency was 2-fold lower
compared to wild-type TUBB3 (10.5 uM, Fig. 3M,). However, substantial differences in
minus-end polymerization rates were not observed between wild-type TUBB3 and TUBB3-
R262H (Fig. 3L). Table S1 summarizes these data. Together, our findings reveal that
mutations near the kinesin-binding site can directly alter microtubule dynamics at both
filament ends.

Analyses of wild-type and TUBB3-D417H tubulin conformations in the microtubule lattice

In order to investigate the effects of disease-related mutations on microtubule structure, we
characterized our recombinant wild-type and TUBB3-D417H tubulin using cryo-EM
reconstructions. Using protocols previously described (Alushin et al., 2014), we obtained a
reconstruction to 3.8 A resolution of 13-protofilament wild-type TUBB3 microtubules in the
GDP-state bound to kinesin-1 motor domains (the kinesin density helps distinguish between
a- and B-tubulin during image alignment) (Fig. 4A). Comparison with structures at similar
resolution of porcine brain tubulin (Zhang et al., 2015) did not reveal significant differences.

We next examined the structure of TUBB3-D417H microtubules. We found that TUBB3-
D417H (20 pM), in the presence of 5% (w/v) glycerol and GTP (1 mM), failed to generate
microtubules detectable by cryo-EM analysis. To examine this further we compared wild-
type and mutant tubulin polymerization using a turbidity-based assay (Gaskin et al., 1974).
In the presence of GTP (1 mM) and the highest concentrations of recombinant tubulins (26
uM) that could be reliably achieved, we observed a time-dependent increase in turbidity,
indicating polymerization (Fig. 4B). We observed a shorter time-lag in the increase in
turbidity for mutant compared to wild-type tubulin, suggesting that TUBB3-D417H
assembles filaments faster than wild-type tubulin. If nucleation is more efficient for TUBB3-
D417H than wild-type, at similar tubulin concentrations TUBB3-D417H may assemble
filaments too short to be readily detected in cryo-EM preparations. We therefore used wild-
type GMPCPP-stabilized ‘seeds’ to generate TUBB3-D417H microtubules for cryo-EM
studies and obtained a structure to 3.7 A resolution (Fig. 4C).

The kinesin-1 density in the reconstruction of mutant microtubules is much weaker than for
wild-type, consistent with the mutant tubulin’s reduced affinity for kinesin (Fig. 2L and 4C).
However, we were able to detect sufficient bound kinesin to allow accurate alignment of a-
and B-tubulin for TUBB3-D417H microtubules. At this resolution we can observe extra
density for the histidine 417 side chain at the surface of mutant microtubules with respect to
the wild-type aspartate 417 (Fig. S3A). The Ca-atoms root-mean-square deviation (RMSD)
between wild-type and TUBB3-D417H microtubule structures is small (~0.36 A), which
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indicates that point mutation D417H in B-tubulin did not induce substantial structural
changes in microtubule lattice parameters or in the overall tubulin subunit structure within
the polymer (Fig. 4D). As the effects on tubulin polymerization of the R262H mutation are
less significant than what we measured for the D417H mutation we predict that this mutation

would also not alter the structure of tubulin in the microtubule lattice.

Analyses of the binding of EBs to the growing wild-type and TUBB3-D417H microtubule

ends

To determine if the D417H mutation impacts the end regions of growing filaments, we
employed an established TIRF-based assay and subpixel-precision image analysis on
averaged fluorescence intensity profiles to examine the interaction of GFP-tagged end-
binding proteins (EBs) with microtubules (Akhmanova and Steinmetz, 2010; Maurer et al.,
2014). Mal3, a fission yeast EB1 homolog, autonomously interacts with an extended region
at growing microtubule ends and accelerates the consecutive conformational transitions that
occur as the polymer end matures (Maurer et al., 2014). Dynamic wild-type and TUBB3-
D417H microtubules were observed to grow off the ends of GMPCPP-stabilized wild-type
‘seeds’ in the presence of GFP-tagged Mal3 (Fig. 4E). Automated tracking of individual
microtubule ends showed a noticeable difference in the length and growth rates of
microtubule polymer assembled from one end of the seeds compared to the other. We
observed Mal3-GFP decoration at the growing plus- and minus-ends of wild-type and
TUBB3-D417H microtubules (Fig. 4F and G). The comet-like Mal3-GFP distribution was
slightly longer for TUBB3-D417H than for wild-type microtubules (Fig. 4H), which can be
due to the ~20% faster elongation rate of mutant microtubules compared to wild-type at
equal tubulin concentrations under these assay conditions (Fig. 4lI).

We adjusted the concentration of mutant tubulin so that the microtubule growth rates would
be within a similar range. Under these conditions, the Mal3-GFP fluorescence intensity
profile was indistinguishable between wild-type and mutant microtubules (Fig. 4J). The
deconvolved peak intensity indicates that Mal3-GFP binds at the same density to the tips of
wild-type and mutant microtubules, suggesting the binding affinity remains unchanged (Fig.
4K). This finding agrees with the fact that D417 is far from the site of microtubule
interaction described for Mal3 and EB3 in cryo-EM studies (Maurer et al., 2012; Zhang et
al., 2015). Furthermore, using convolved model fitting to the averaged fluorescence intensity
profile, based on methods described previously (Maurer et al., 2014), we showed that
mutation D417H does not affect the maturation rates of growing filament ends (Fig. 4L).
These data indicate that the D417H tubulin mutation suppresses the binding of kinesins and
non-motor microtubule crosslinkers to filaments but not the binding of EB proteins to
growing microtubule ends.

Analyses of soluble wild-type and TUBB3-D417H tubulin conformations

To characterize the distribution of tubulin heterodimer conformations, which can be “curved’
or ‘straight’ in solution (Brouhard and Rice, 2014), we examined binding to TOG domains
and colchicine, both of which preferentially bind to ‘curved” ap-tubulin heterodimers (Ayaz
etal., 2014; Ayaz et al., 2012; Ravelli et al., 2004). The D417 residue in B-tubulin is distal
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from the tubulin-TOG binding site and the colchicine-binding site and is unlikely to directly
disrupt these interactions (Fig. S3B-D).

We first examined the binding of wild-type TUBB3 and TUBB3-D417H to GST-tagged
TOG domains. Pull-down assays revealed that the binding affinity of wild-type TUBB3
(Kg=0.4£0.1 pM) for TOG1/2 domain is comparable to what has been measured between
yeast tubulin and TOG domains (Ayaz et al., 2014; Ayaz et al., 2012). Importantly, this
affinity is ~3-fold tighter than for TUBB3-D417H (K4=1.2+0.3 pM) (p< 0.05) (Fig. 4M).
Second, we analyzed colchicine binding by measuring dose-dependent inhibition of
microtubule polymerization. We find that the polymerization of TUBB3-D417H is more
resistant to colchicine than wild-type TUBBS3. In particular, the amount of tubulin that did
not polymerize (i.e. fraction of soluble tubulin) is ~2-fold higher for wild-type TUBB3 than
for TUBB3-D417H at each of the colchicine concentrations examined (7-35 uM, Fig. 4N
and O). These data suggest that colchicine has a higher affinity for wild-type than for mutant
tubulin. As an additional test we used allocolchicine, a colchicine analogue whose
fluorescence increases when it binds tubulin heterodimers (Ravelli et al., 2004; Rice et al.,
2008). We find that the polymerization of TUBB3-D417H is more resistant to allocolchicine
than wild-type TUBBS3 (Fig. S3E). While we estimate a ~2-fold lower affinity for TUBB3-
D417H using fluorescence-based analyses, we cannot achieve high statistical significance in
this experiment (P value: <0.1, Fig. S3F). This is most likely due to a low signal to noise
ratio, as the fluorescence increase of allocolchicine upon binding TUBB3 is ~3-fold lower
than it is upon binding bovine tubulin (Fig. S3G). Together, these data indicate that the
D417H mutation in TUBB3 alters the distribution of tubulin heterodimer conformations,
reducing the effective concentration of ‘curved’ heterodimer in solution.

TUBB3-D417H and TUBB3-R262H mutations increase the stability of ‘end-caps’ at both
ends of microtubules

Microtubule dynamic instability at plus-ends has been proposed to depend on a GTP ‘cap’
that stabilizes the ends of growing filaments (Bowne-Anderson et al., 2013; Carlier et al.,
1984). In current models, the loss of GTP-bound tubulin subunits at filament ends exposes
GDP-tubulin subunits in the microtubule lattice and promotes catastrophe (Bowne-Anderson
et al., 2013). Direct measurements of the size of the ‘end-stabilizing cap’ cannot be easily
made and indirect analyses are necessary. In particular, the stability of the ‘end-stabilizing’
cap can be estimated by measuring the time lag before polymerizing microtubules undergo
catastrophe when the tubulin concentration is rapidly reduced (Walker et al., 1991). We
therefore adapted this assay to determine whether TUBB3-D417H and TUBB3-R262H
impact ‘end-stabilizing cap’ stability. We rapidly perfused the experimental chamber with
tubulin-free buffer to decrease tubulin concentration by 85% in 2—-3 seconds and used time-
lapse TIRF microscopy to monitor microtubule length (Fig. 5A, Fig. S4A). Kymographs of
individual microtubules revealed a time lag before catastrophe upon dilution (Fig. 5B-G).
The observed time lag in our assays is within the range previously reported for tubulin
purified from porcine brain (Walker et al., 1991). For microtubules generated with 13 pM
wild-type tubulin we observed a 9.9+4.2 sec delay before catastrophe at the plus-ends (Fig.
5H). Our data suggest an ‘end-stabilizing cap’ also exists at growing minus-ends, as an
average delay of 9.1+5.7 sec is observed before catastrophe (Fig. 51). Both D417H and
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R262H mutations in tubulin increase the time lag before catastrophe at both plus- and
minus-ends of filaments (TUBB3-D417H: plus-end, 16.3+9.8 sec; minus-end, 13.7+11 sec
and TUBB3-R262H: plus-end, 14.3+6 sec; minus-end, 12.5+7.2 sec) by ~1.5-fold compared
to wild-type TUBB3 (Fig. 5H and I). In contrast, the observed depolymerization rates, which
correspond to the dissociation rate constant of GDP-tubulin, are the same for wild-type
TUBB3 and the mutant construct (Fig. S4B and C, Table S1). These findings suggest that
the TUBB3-D417H and TUBB3-R262H mutations alter dynamic instability by increasing
the stability of ‘caps’ at both ends of microtubules.

Analyses of mixtures of wild-type and mutant tubulins

To test whether these TUBB3 mutations have dose-dependent effects on microtubule
function, we mixed wild-type and mutant tubulins and examined both binding to MAPs and
assembly dynamics. First, we compared MAP binding between ‘mixed’ mutant and wild-
type microtubules. At different ratios of TUBB3-D417H or TUBB3-R262H and wild-type
tubulin, microtubules readily polymerized in the presence of taxol (Fig. 6A and B). We
added GFP-tagged kinesin-1AC to these microtubules and measured the fluorescence
intensity per unit filament length. The average GFP fluorescence intensity on ‘mixed’
microtubules was lower than that observed for microtubules assembled from wild-type
TUBB3, and decreased further with increasing amounts of TUBB3-D417H in the polymer
(Fig. 6C). We also examined the binding of GFP-tagged PRC1-SC to these microtubules and
observed fluorescence intensities that were lower than what we observed for wild-type
tubulin filaments and higher than what we observed for TUBB3-D417H filaments (Fig. 6D).
A similar trend was observed for TUBB3-R262H and wild-type mixed microtubules (Fig.
6C and D). Next, we measured dynamic instability parameters in single filament assays. We
observed dynamic microtubule extensions at both plus- and minus-ends of GMPCPP-seeds
(Fig. 6E and F). The catastrophe frequency at filament plus-ends was ~0.11 min~1 at equal
ratios of TUBB3-D417H and wild-type TUBB3, and ~0.09 min~! at equal ratios of TUBB3-
R262H and wild-type microtubules (10.5 uM total tubulin concentration). These values are
similar to those measured for microtubules assembled with wild-type TUBB3 (~0.10 min~1,
10.5 pM total tubulin) (Fig. 6G). The catastrophe frequency at the minus-ends of mixed
microtubules was also similar to wild-type alone (Fig. 6H). Together, our data suggest that
the presence of wild-type tubulin can suppress the altered catastrophe frequencies but only
partially recover the reduction in MAPs binding due to these point mutations in TUBB3.

Discussion

Our studies indicate that mutations proximal to the TUBBS3 kinesin binding site alter
polymerization dynamics. In particular, these mutants suppress catastrophe frequency by
magnitudes similar to what is achieved by regulatory proteins or microtubule stabilizing
drugs (Mohan et al., 2013; Wieczorek et al., 2015). Structural and mutagenesis studies have
indicated that conformational changes in tubulin’s intermediate domain are coupled to GTP
hydrolysis upon microtubule polymerization (Geyer et al., 2015; Nogales et al., 1998;
Ravelli et al., 2004). In contrast, the effects of mutating residues located in tubulin’s kinesin
binding site on microtubule dynamics have not been explored. Our studies reveal a largely
unexpected mechanism by which residues located on the surface of the microtubule lattice,
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distal from the nucleotide-binding site and from longitudinal and lateral contacts between
subunits can impact polymerization dynamics.

In current models, ‘curved’ tubulin heterodimers in solution undergo structural transitions
during polymerization to adopt a “straight” form within the microtubule lattice. These
transitions within newly incorporated tubulin subunits at growing filament ends generate and
subsequently destroy Mal3 binding sites (Maurer et al., 2014). Within this framework, we
can dissect how TUBB3 mutations impact polymerization dynamics. Our structural studies
indicate that the mutations are not likely to cause substantial changes within the microtubule
lattice. In addition, the Mal3-GFP binding profiles at growing ends of mutant microtubules
are unchanged relative to wild-type when polymerization rates are matched. Therefore,
neither the formation nor the loss of Mal3 binding site are likely impacted by these
mutations. We find that the D417H mutation in TUBBS3 likely reduces the fraction of
‘curved’ versus ‘straight” tubulin heterodimer relative to wild-type tubulin. As
polymerization requires conversion of tubulin from the “curved’ to the ‘straight’
conformation at the growing microtubule ends, the higher levels of ‘straight’ heterodimers of
mutant tubulin could increase the filament growth rates. Further, the propensity to adopt the
‘straight’ conformation may also account for the observed increase in the lifetime of the end-
stabilizing cap and decrease in catastrophe frequencies.

The minimum requirement for preventing the rapid disassembly of a microtubule has been
proposed to be a single layer of GTP-bound tubulin subunits at the filament end (Bowne-
Anderson et al., 2013; Caplow and Shanks, 1996; Drechsel and Kirschner, 1994). In this
model, each of the ~13 protofilaments must be ‘capped’ and the loss of GTP-tubulin at a
single protofilament can destabilize the ‘cap’ (Caplow and Shanks, 1996; Drechsel and
Kirschner, 1994). Accordingly, we hypothesize that mutant tubulins must form a complete
‘ring’ at the end of the polymer to suppress microtubule catastrophe frequency. When
mutant and wild-type tubulin copolymerize, the presence of wild-type tubulin at the ends of
a subset of the ~13 protofilaments can lower the stability of the ‘cap’ and thereby increase
the catastrophe frequency. Our findings support this hypothesis as we find that adding equal
amounts of wild-type tubulin increases the catastrophe frequencies of D417H and R262H
microtubules to that measured for wild-type microtubules alone.

In contrast to the all-or-nothing effect on polymerization dynamics, the impact on MAP
binding when mixing wild-type tubulin with mutant forms is dose-dependent, as MAP
affinities decrease with increasing amounts of mutant tubulins in the polymer. The
concentration of tubulin in cells is estimated to be ~10 uM, of which up to ~80% can be in
the polymerized form (Olmsted, 1981; Ostlund et al., 1979, 1980). Based on simple binding
principles, the fraction of microtubule-bound MAPs that have sub-micromolar binding
constants (e.g. kinesin) to wild-type, would be reduced by only a very small amount (~5%)
for mutant microtubules. A more substantial difference in the fraction bound to wild-type
versus mutant microtubules would be observed for MAPs with weak microtubule-binding
affinities (details on these calculations are provided in Experimental Procedures). Therefore,
we posit that these mutations in tubulin would cause the associated phenotypes in only those
cells where the functions of weakly binding MAPs are critical. Additional cell biological
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studies are needed to establish if this hypothesis can help explain disease phenotypes (Niwa
et al., 2013; Tischfield et al., 2010).

Our findings reveal that disease-related tubulin mutations alter polymerization dynamics at
not only the plus-ends but also the minus-ends of microtubules. The regulation of
microtubule plus-ends by MAPs, such as the EB (end-binding) proteins, has been
extensively studied (Galjart, 2010; Howard and Hyman, 2007). In contrast, the regulation
and function of microtubule minus-end polymerization in cells are poorly understood. It has
been generally accepted that y-tubulin caps and stabilizes microtubule minus-ends in cells
(Kollman et al., 2011). However, it is now becoming clear that MAPSs, such as katanin and
spastin, sever existing filaments to remodel microtubule networks (Roll-Mecak and
McNally, 2010). The fate of these new minus-ends is unclear and we do not know if and
when they are capped and stabilized. One clue comes from recent studies of calmodulin-
regulated spectrin-associated proteins (CAMSAPs), MAPs that selectively bind microtubule
minus-ends, showing that newly generated minus-ends in human cells are not immediately
capped but can grow (Jiang et al., 2014). Further, it has been shown that minus-end binding
proteins have important roles in the development and maintenance of axons and dendrites in
neurons (Yau et al., 2014). Together, these data suggest that regulation of microtubule
minus-end polymerization plays a key role in regulating microtubule organization. It is
likely that access to recombinant human tubulin and different mutant forms should help
dissect how these microtubule minus-end binding proteins interact with the ‘end-stabilizing
cap’ to control microtubule minus-end polymerization in different cellular contexts.

Experimental Procedures

Purification of recombinant human tubulin

The cDNA encoding Homo sapiens a-tubulin 1B (NP_006073.2) and 3-tubulin 3
(NP_006077.2) were cloned into pFastBac Dual vector (Life Technologies). For affinity
purification, a sequence encoding a Tobacco Etch Virus (TEV) protease site and
hexahistidine-tag was fused to the 3’ end of the p-tubulin TUBB3 cDNA sequence. We used
the Bac-to-Bac system (Life Technologies) to generate recombinant baculovirus. HiveFive
cells (Life Technologies), grown to 3.0-3.5 x 106 cells/ml in Sf-900 11 SFM (Life
Technologies 10902-096) supplemented with 1X antibiotic-antimyocotic (Life Technologies
15240-062), were infected with P3 viral stocks. Cells were cultured in suspension at 27 °C
and harvested at 60 hours after infection. The following steps were done on ice or at 4 °C.
We lysed cells in an equal volume of lysis buffer (50 mM HEPES, 20 mM imidazole, 100
mM KCI, 1 mM MgCl,, 0.5 mM DTT, 0.1 mM GTP, 3 U/ml benzonase, 1X protease
inhibitor Roche Complete EDTA-free, pH 7.2) by dounce homogenizer (20 strokes) and
centrifuged the homogenate at 55,000 rpm in a Ti70 rotor (Beckman Coulter) for 1 hr. The
supernatant was then filtered through a 0.22 pm Millex-GP PES membrane (Millipore
SLGPO033RS) and loaded at 0.8 ml/min onto a 1 ml HisTrap HP column (GE life science
17-5247-01) pre-equilibrated with lysis buffer. The column was washed with 25 ml lysis
buffer and then eluted with nickel elution buffer (1X BRB80 (80 mM PIPES, 1mM MgCl,,
1mM EGTA), 500 mM imidazole, 0.1 mM GTP, 1 mM DTT, pH 6.8). The fractions
containing proteins were pooled, diluted 6-fold with TOG-column buffer (1X BRB80, 1 mM
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DTT, 0.2 mM GTP, pH 6.8), mixed with 4 mg TEV protease and incubated for 1 hr on ice.
The TEV-digested protein solution was loaded at 0.8 ml/min onto a tandem chromatography
consisting of a 1 ml HiTrap SP Sepharose FF column (GE life science 17-5054-01) and a 1
ml TOG-affinity column (Widlund et al., 2012) and washed with 10 ml TOG-column buffer.
The 1 ml HiTrap SP Sepharose FF column was removed and the 1 ml TOG-affinity column
was washed with 25 ml of wash buffer 1 (1X BRB80 1 mM DTT, 0.1 mM GTP, 10 mM
MgCl,, 5 mM ATP, pH 6.8), 25 ml of wash buffer 2 (1X BRB80, 1 mM DTT, 0.1 mM GTP,
0.1 % Tween-20, 10% glycerol, pH 6.8) and 10 ml of TOG-column buffer. The tubulin was
eluted with TOG-elution buffer (1X BRB80, 500 mM (NH4)2SO4, 1 mM DTT, 0.2 mM
GTP, pH 6.8). The eluate containing tubulin was pooled, quickly exchanged into storage
buffer (1X BRB80, 5% glycerol, 1 mM DTT, 0.2 mM GTP, pH 6.8), and concentrated to at
least 1.5 mg/ml with an Amicon Ultra 50K MWCO centrifugal filter (Millipore
UFC901024). The purified tubulin was snap frozen in liquid nitrogen and stored at —80 °C.

Cryo-EM microscopy

We prepared cryo-EM grids for the analysis of wild-type TUBB3 and TUBB3-D417H
microtubules as described previously (Zhang et al., 2015). Details of the experimental
procedures are presented in the Supplemental Experimental Procedures.

Microtubule co-sedimentation assay

Taxol stabilized microtubules were polymerized from purified recombinant tubulin. Purified
kinesin-1AC was spun in TLA120.1 rotor (Beckman Coulter) at 90000 rpm for 10 mins at

4 °C. Pre-clarified PRC1-SC (300 nM) kinesin-1AC (200 nM) was incubated with increasing
concentrations of microtubules (40 ul reaction volume) for 30 mins at room temperature in
assay buffer (1XBRB80, 1mM MgCl,, 5% sucrose, 1 mM TCEP, 0.25 mg/ml BSA and 10
UM Taxol. 2 mM AMPPNP was supplemented in the assays containing kinesin-1AC) and
then subjected to sedimentation in TLA 120.1 rotor at 90000 rpm for 10 mins at 25 °C
(Beckman Coulter). The amount of protein in pellet and supernatant was analyzed by SDS-
PAGE and the coomassie-stained bands were quantified (LI1-COR Odyssey) to calculate the
depletion of PRC1-SC and kinesin-1AC from the supernatant, which gives the fraction
protein bound. The fraction protein bound (y) from the mean of three independent
experiments was plotted against microtubule concentration (x). We used Kaleidagraph to fit
the hyperbolic titration curves with the following equation to determine the dissociation
constants (Kg).

(Ky+[MAP]+[MT])— /(K y+|MAP+[MT])>~4 x [MAP] x [MT]
2 x [MAP]

Fraction bound=

Microtubule turbidity assay
Solutions of 26 pM tubulin in assay buffer (1X BRB80, 5% (v/v) glycerol, 1 mM GTP and 1
mM TCEP) were prepared and pre-clarified by high-speed centrifugation in TLA120.1 rotor
(Beckman Coulter) at 90000 rpm for 10 mins at 4 °C. Pre-clarified tubulin (30 pl reaction
volume) was transferred to a warm (37 °C) 348-well plate and each reaction was covered by
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15 ul of fluorescence-free immersion oil (Cargille Laboratories Inc. 16212) to prevent
evaporation. The absorbance at 350 nm was measured every 15 sec for 3.5 hr at 37 °C.

The binding of allocolchicine to tubulin

Allocolchicine was synthesized by following a published method (Fernholz, 1950). Purified
tubulin was pre-clarified by high-speed centrifugation in TLA120.1 rotor (Beckman Coulter)
at 90000 rpm for 10 mins at 4 °C. Pre-clarified tubulin (3 uM) was mixed with increasing
concentration of allocolchicine (0, 1.3, 2.6, 3.9, 5.2, 7.8, 15.6, 31.2 or 62.4 uM) in assay
buffer (1X BRB80, 5% (v/v) glycerol, L MM GTP and 1 mM TCEP) to a final 35 pl reaction
volume and incubated at room temperature for 2 hr. For each sample, the fluorescence
intensities at 400 nm were collected using excitation at 310 nm. The measured fluorescence
intensities at 400 nm were plotted against allocolchicine concentration. To determine the
affinity of tubulin for allocolchicine, the unnormalized equilibrium binding curves from
three independent experiments were fit with the following equation using Kaleidagraph:

(K 4+[Allo]+[ Tubulin])— \/(Kd+[All0]+[T‘leLllin])2—4 x [Allo] x [Tubulin]
2 x [Tubulin]

Fluorescence intensity at 400 nm=

X (Fopag—F )+ F

Background Background

1duosnuen Joyiny 1duosnuey Joyiny
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where K represents the dissociation constant for allocolchicine binding, Fpax represents the
fluorescence intensity at plateau, and Fyackground represents the background fluorescence
intensity.

Glutathione S-transferase (GST) pull-down assay

Purified tubulin and GST-TOG1/2 was pre-clarified by high-speed centrifugation in
TLA120.1 rotor (Beckman Coulter) at 90000 rpm for 10 mins at 4 °C. Solutions of pre-
clarified tubulin (0.3 uM) containing 0-5 M GST-TOG1/2 were prepared in assay buffer
(1X BRB80, 5 % (v/v) glycerol, 1 mM GTP and 1 mM TCEP). The reactions (40 ul reaction
volume) were incubated at 4 °C for 15 mins. The reactions were then mixed with buffer-
equilibrated glutathione magnetic beads (Pierce 88821) at 4 °C for another 1 hr. After sepa
rating the supernatant from the magnetic beads using a magnet, 20 ul of the supernatant was
mixed with 5 pl of 5X SDS-Sample buffer. The magnetic beads were rinsed twice with 100
ul assay buffer and mixed with 50 pl of 1X SDS-sample buffer. The supernatant and the
bead-bound protein fractions were analyzed by SDS-PAGE and band intensities were
quantified using ImageJ. To calculate the dissociation constant (Kg), data from three
independent experiments were fit to the following equation using Kaleidagraph:

Fraction of unbound tubulin in the supernatant

,_ (KaH[GST. TOG1/2)+[ Tubulin]) - \/ (K4+]| GST_ TOG1/2]+[ Tubulin])*~4 x [GST. TOG1/2] x [Tubulin]

2 x [Tubulin]
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Microtubule sedimentation assay in the presence of colchicine

Purified tubulin was pre-clarified by centrifugation in TLA120.1 rotor (Beckman Coulter) at
90000 rpm for 10 mins at 4 °C. Colchici ne (Sigma C9754) was dissolved in DMSO
(>99.7%, Sigma D2650) to prepare 100 mM stock solutions. Solutions (40 pl reaction
volume) of pre-clarified tubulin (10 uM) containing 0-35 puM colchicine or 3 % DMSO were
prepared in assay buffer (1X BRB80, 33.33% (v/v) glycerol, 1 mM GTP and 1 mM TCEP).
The reactions were incubated at room temperature for 30 min, followed by another 30 min
incubation at 37 °C, and then subjected to high-speed centrifugation in TLA 120.1 rotor
(Beckman Coulter) at 90000 rpm for 10 mins at 30°C. The supe rnatant was carefully
aspirated and saved for SDS-PAGE analysis. The pellet was gently rinsed twice with 40 pl
warm wash buffer (1X BRB80, 60% (v/v) glycerol and 1 mM TCEP), and then suspended in
1X sample buffer for SDS-PAGE analysis.

Microtubule sedimentation assay in the presence of allocolchicine

The experiments were performed at 13 pM tubulin and 60 pM allocolchicine with the same
procedures as described in the assay with colchicine.

Estimating the fraction of microtubule-bound MAPSs in vivo

In cells, the concentration of tubulin is ~10 uM and up to 80% can be in the polymerized
form. To estimate the fraction of microtubule-bound MAPs in vivo, we used the following
simple binding principle that describe the dissociation constant (Kq):

[MAPs] x [MT] ([ MAPs],—[ MAPs_ MT)) x ([ MT],~[ MAPs_ MT))
Kd: =
[MAPs_ MT] [MAPs_ MT]

When the number of binding sites on microtubules is much larger than the [MAPSs], we
make the simplifying assumption that [MT]o-[MAPs_MT]=[MT]o. The equation is then

simplified to:
__ (IMAPs],—[MAPs_ MT])x[MT]
Kaq= . [MAPs_ MT] .
Kq _ [MAPs], 1
[MT], [MAPs. MT]
Fraction of microtubule—bound MAPs= [N{‘ﬁ‘/[isl;:]\ﬁﬂ = Kd[_ltl[ﬂoﬂ -

When [MT]g is 10 uM and the K4 of MAPs for wild-type microtubule is 0.1 uM and for
mutant microtubule is 0.5 puM, the fraction of microtubule-bound MAPs on wild-type and
mutant filaments is 0.99 and 0.95, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

TUBBS3 point mutations near the kinesin binding site change polymerization
dynamics

Mutations alter dynamic instability parameters and end-stabilizing cap lifetimes

TUBB3 point mutation alters the distribution of tubulin conformations in
solution

3.8 A cryo-EM structures of microtubules with wild-type and mutant human
TUBB3
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Figure 1. Purification and analyses of recombinant human TUBB3
A, Schematic detailing the purification of recombinant human tubulin. Typical tubulin purity

at key steps is indicated. B, SDS-PAGE analysis of purified tubulin. C, Immunoblot analyses
of proteins eluted from nickel affinity and TOG-affinity columns with antibodies against a-
tubulin, B-tubulin and C-terminal hexa-histidine tag, as indicated. D, Elution profiles of
wild-type TUBB3 (peak volume: 14.4 ml) and bovine tubulin (peak volume: 14.3 ml) from
size-exclusion chromatography. E, Elution profiles of TUBB3-D417H (peak volume: 14.3
ml) and TUBB3-R262H (peak volume: 14.3 ml) from size-exclusion chromatography.
Bovine tubulin profile is shown as reference. F—=H, TIRF-microscopy images of taxol-
stabilized wild-type TUBBS3 (F), TUBB3-D417H (G), and TUBB3-R262H (H)
microtubules. Fluorescently labeled bovine tubulin (~4%) was added to visualize filaments.
Scale bars= 2 um. See also Figure S1.
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Figure 2. Point mutations D417H and R262H in TUBB3 reduce the binding of motor and non-
motor MAPs to microtubules

A and B, Schematic for assay (A) and MAP constructs used (B) with microtubule binding
regions (black) and GFP (green) highlighted. C and D, Images of microtubule and GFP-
tagged MAPs, along with 2-color overlays (microtubule: red; GFP: green), are shown for (C)
kinesin-1AC-GFP (0.7 nM, 2 mM MgATP) and (D) GFP-PRC1-SC (16 nM). Scale bars = 2
um E-H, GFP-fluorescence intensity per micron along the microtubules for kinesin-1AC
(E), kinesin-5 (F), PRC1-SC (G) and NuMA tail Il (H) are shown. Data from three
independent experiments were pooled for each condition and analyzed to determine averages
and SD (error bars) (n=62 or greater). | and J, SDS-PAGE analysis of supernatant fractions
from microtubule co-sedimentation assays for PRC1-SC (1) kinesin-1AC (J). K and L, Band
intensities from the gels (I and J) were used to determine fraction protein bound to
microtubules and plotted against microtubule concentrations (n=3, mean + SD). The data
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were fit to determine the dissociation constants (Kq): PRC1-SC (K), wild-type TUBBS3:
160+30 nM; TUBB3-D417H: 370+20 nM; TUBB3-R262H: 300+30 nM, and kinesin-1AC
(L), wild-type TUBB3: 90+30 nM; TUBB3-D417H: 720+30 nM; TUBB3-R262H: 830+60
nM. See also Figure S2.
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Figure 3. TUBB3-D417H and TUBB3-R262H have altered intrinsic polymerization dynamics
compared to wild-type TUBB3

A, Schematic for assay used to analyze polymerization dynamics of single microtubules.
Tubulin (red) incorporates at plus- and minus-ends of GMPCPP-stabilized microtubule
‘seeds’ (green). B and C, TIRF-microscopy image (B) and kymograph (C) of dynamic
microtubules growing from GMPCPP seeds in the presence of 10.5 uM wild-type TUBB3.
D, Elongation rates of wild-type TUBB3 at plus- (@) and minus-ends (M) across three
different tubulin concentrations. E, Catastrophe frequency of wild-type TUBB3 at
microtubule plus- and minus-ends. Data acquired from three independent experiments were
pooled for each condition and analyzed to determine averages and SD (error bars) (n=57 or
greater). F-1, TIRF-microscopy images (F and H) and kymographs (G and I) of dynamic
microtubules growing from GMPCPP seeds in the presence of TUBB3-D417H (F and G) or
TUBB3-R262H (H and 1) (10.5 pM). J-M, Analyses of dynamic instability parameters at
plus- (J and K) and minus-ends (L and M) of TUBB3-D417H (m) and TUBB3-R262H (O)
microtubules: elongation rate (J and L) and catastrophe frequency (K and M) are shown. For
comparison, the dashed-lines indicate the elongation rates and the catastrophe frequency of
wild-type TUBB3. Data from three independent experiments were pooled for each condition
and analyzed to determine averages and SD (error bars) (n=41 or greater). Elongation rates
were fitted with the linear equation as a function of the free tubulin concentration. Assuming
a Poisson distribution, the standard deviations of catastrophe frequency were calculated as
(observed catastrophe frequency)/(number of events counted)®->. Scale bars: horizontal= 2
pm, vertical= 60 sec. See also Table S1.
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Figure 4. Analysis of wild-type and TUBB3-D417H tubulin conformations in polymeric and
soluble forms
A, Densities for a wild-type TUBBS3 tubulin heterodimer and bound kinesin motor domain,

segmented from the cryo-EM reconstructions of kinesin-decorated microtubules. B,
Absorbance at 350 nm, or turbidity, for wild-type TUBB3 (blue) and TUBB3-D417H (red)
polymerization. Data from six independent experiments were analyzed to determine
averages and SD (gray area). C, Densities for a TUBB3-D417H tubulin heterodimer and
bound kinesin motor domain, segmented from the cryo-EM reconstructions of kinesin-
decorated microtubules. A and C are shown at equivalent density thresholds. D, Ca trace of
wild-type TUBB3 (grey) and TUBB3-D417H (blue) atomic models. Mutated D417 is shown
in red. The RMSD between Ca positions of wild-type and mutant tubulin heterodimer is
indicated. E, Schematic for assay used to analyze Mal3-GFP (green) binding growing
microtubule ends (red). F and G, Overlaid TIRF-microscopy images of Mal3-GFP (green)
and dynamic X-rhodamine labeled wild-type TUBB3 (H) and TUBB3-D417H (1)
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microtubules (red) are shown. Scale bars= 5 pm. H, Tip-aligned and averaged Mal3-GFP
intensity profile at the growing plus-ends of wild-type TUBB3 (black dots) and TUBB3-
D417H (red dots) microtubules when tubulin concentrations are the same. I, Distribution of
growth speeds for Mal3-GFP tagged growing microtubule plus-ends (wild-type TUBB3,
n=21; TUBB3-D417H, n=25). J, Tip-aligned and averaged Mal3-GFP intensity profile at
growing microtubule plus-ends (wild-type TUBB3, n=34, black dots; TUBB3-D417H,
n=29, red dots). Tubulin concentrations were adjusted to achieve similar filament growth
speeds. K and L, Averaged Mal3-GFP intensity profiles shown in (J) were further analyzed
by fitting to a two-step model with binding kinetics as previously described (Maurer et al.,
2014). (K) Mal3-GFP binding densities from deconvolved model fitting. (L) Individual
maturation rates from convolved model fitting. M, Fraction of unbound tubulin in the GST-
TOG1/2 pull-down assay (n=3, mean + SEM) were used to determine the dissociation
constants (Kq) (wild-type TUBB3 (blue, K4q=0.4+0.1uM) and TUBB3-D417H (blue,
Kg=1.2+£0.3 uM). N, SDS-PAGE analysis of the supernatant (s) and pellet (p) fractions from
the microtubule sedimentation assays of wild-type TUBB3 and TUBB3-D417H in the
presence of colchicine. O, Band intensities from the gels (N) were used to determine
fraction of soluble tubulin (n=3, mean + SD). See also Figure S3.
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Figure 5. TUBB3-D417H and TUBB3-R262H are more resistant to dilution-induced catastrophe

than wild-type TUBBS3 at both ends of microtubules

A, Schematic detailing the assay used to analyze the dilution-induced catastrophe of single
microtubules. B-G, Time-lapse sequences acquired during microtubule depolymerization
(B-D) and corresponding kymographs (E-G) of wild-type TUBB3 (B and E), TUBB3-
D417H (C and F) and TUBB3-R262H (D and G). H and I, Time lag before the initiation of
microtubule catastrophe at plus- (H) and minus-ends (1). Data from three independent
experiments were pooled for each condition and analyzed to determine averages and SD
(error bars) (Wild-type TUBB3: n=80; TUBB3-D417H n=65; TUBB3-R262H n=69). Scale
bars: horizontal= 2 pm, vertical= 5 sec. See also Figure S4 and Table S1.
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Figure 6. Analyses of MAPs binding and polymerization dynamics of microtubules polymerized
from mixtures of wild-type and mutant tubulin

A and B, Images of microtubules polymerized from equal ratios of TUBB3-D417H or
TUBB3-R262H and wild-type TUBB3, associated GFP-tagged MAPs, along with 2-color
overlays (microtubule: red; GFP: green), are shown for (A) kinesin-1AC (0.7 nM, 2 mM
MgATP) and (B) PRC1-SC (16 nM). C and D, GFP-fluorescence intensity of kinesin-1AC
(C) and PRC1-SC (D) per micron of taxol-stabilized microtubules polymerized from tubulin
with different ratios of wild-type and mutant tubulin. Data from three independent
experiments were pooled for each condition and analyzed to determine averages and SD
(error bars) (kinesin-1AC: n=64 or greater; PRC1-SC: n=66 or greater). E and F,
Kymographs of dynamic microtubule extensions from GMPCPP seeds at equal ratios of
TUBB3-D417H and wild-type TUBB3 (E) and at equal ratios of TUBB3-R262H and wild-
type TUBB3 (F). G and H, Analyses of catastrophe frequency at the growing plus- (G) and
minus-ends (H) of microtubules. Wild-type and mutant tubulin were mixed in equal ratios
while the total tubulin concentration was kept at 10.5 uM. For comparison dashed-lines
indicate catastrophe frequency values for microtubules assembled with wild-type (red),
TUBB3-D417H (blue) or TUBB3-R262H (orange) tubulin (see Fig 3). Data from three
independent experiments were pooled for each condition and analyzed to determine averages
and SD (error bars) (n=43 or greater). Assuming a Poisson distribution, the standard
deviations of catastrophe frequency were calculated as (observed catastrophe frequency)/
(number of events counted)?->. Scale bars: horizontal= 2 um, vertical= 60 sec.
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