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Microtubules consisting of o/p-tubulin dimers play critical roles in cells. More than seven genes encode a-tubulin in vertebrates.
However, the property of microtubules composed of different a-tubulin isotypes is largely unknown. Here, we purified recombi-
nant tubulin heterodimers of mouse a-tubulin isotypes including «1A and «1C with B-tubulin isotype B2A. In vitro microtubule re-
constitution assay detected that «1C/B2A microtubules grew faster and underwent catastrophe less frequently than «1A/f2A
microtubules. Generation of chimeric tail-swapped and point-mutation tubulins revealed that the carboxyl-terminal (C-terminal)
tails of a-tubulin isotypes largely accounted for the differences in polymerization dynamics of a1A/B2A and «1C/B2A microtu-
bules. Kinetics analysis showed that in comparison to a1A/p2A microtubules, a1C/p2A microtubules displayed higher on-rate,
lower off-rate, and similar GTP hydrolysis rate at the plus-end, suggesting a contribution of higher plus-end affinity to faster
growth and less frequent catastrophe of «1C/$2A microtubules. Furthermore, EB1 had a higher binding ability to «1C/p2A micro-
tubules than to «1A/p2A ones, which could also be attributed to the difference in the C-terminal tails of these two a-tubulin iso-
types. Thus, a-tubulin isotypes diversify microtubule properties, which, to a great extent, could be accounted by their C-terminal

tails.
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Introduction

Microtubules consisting of o/B-tubulin heterodimers have di-
verse and critical roles in eukaryotic cellular processes including
intracellular transport, cell migration, and cell division (Heald and
Khodjakov, 2015; ChakraborTi et al.,, 2016). They are highly dy-
namic tubular polymers that stochastically switch between growing
and shrinking phases, termed dynamic instability (Mitchison and
Kirschner, 1984), which is important for their versatile cellular func-
tions. Eukaryotes have multiple tubulin genes. For example, bud-
ding yeast has two a-tubulin and one B-tubulin genes (Neff et al.,
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1983; Schatz et al., 1986), Drosophila melanogaster encodes four
a-tubulin and four B-tubulin isotypes (Theurkauf et al., 1986;
Fackenthal et al., 1993), and mouse has at least seven a-tubulin
and eight B-tubulin genes (Breuss and Keays, 2014). Each tubulin
gene encodes a specific isotype that displays a unique expression
profile in cells or tissues. Tubulin B3 is specifically expressed in
neurons and regarded as a classic neuronal marker (Jiang and
Oblinger, 1992), B2A/B is enriched in brain and epithelial cells,
and B1 is mainly expressed in platelets and hematopoietic cells
(Banerjee et al., 1988; Lecine et al., 2000). Furthermore, in vivo
studies have shown that some specific tubulin isotypes are not
functionally interchangeable. In mice, embryonic knockdown of the
expression of neuronal tubulin B3 led to neural migration defects
that could not be rescued by expression of 1, p2B, or B4A
(Saillour et al., 2014). In D. melanogaster, when the testes-specific
tubulin B2 was replaced with B3 in the male germ line, axoneme
assembly and other microtubule-mediated processes including
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meiosis and nuclear shaping were no longer occurred (Hoyle and
Raff, 1990). These studies combine to indicate that microtubules
consisted of different tubulin isotypes display distinct properties.

Previous studies have reported that some tubulin isotypes af-
fect microtubule dynamics. The results from purified o/B2, o/B3,
and o/PB4 isotypes in bovine brain by immuno-affinity chroma-
tography showed that microtubules made from o/B3 were more
dynamic than those composed from o/f2, o/p4, or unfractio-
nated phosphocellulose-purified brain tubulin (Panda et al.,
1994). A recent study from purified recombinant tubulin isotype
using a baculovirus expression system of insect cells found that
the catastrophe frequency of /B3 microtubules was higher than
that of o/p2B ones (Pamula et al., 2016). Another study showed
that recombinant «1A/B3 microtubules were polymerized more
slowly and had fewer catastrophes than brain microtubules
(Vemu et al., 2016). Tubulin purified from human embryonic kid-
ney cells (tsA 201) predominantly consists of one a-tubulin iso-
type o1B and two B-tubulin isotypes, B1 and B4B. In vitro
microtubule reconstitution assay showed that these microtu-
bules grew faster and underwent catastrophe less frequently
than brain microtubules (Vemu et al., 2017). Furthermore, recent
work also revealed that the structured core of human B-tubulin
was crucial for establishing isotype-specific parameters of micro-
tubule dynamic instability (Pamula et al., 2016). Therefore,
microtubules assembled with different B-tubulin isotypes have
distinct polymerization properties.

Both a-tubulin and B-tubulin isotypes are highly conserved,
especially the ~400-amino acid core structure of tubulin, 97%
and 95% identities existed among the core structure of
a-tubulin and B-tubulin in the vertebrate, respectively
(Sirajuddin et al., 2014). In contrast, the unstructured carboxyl-
terminal (C-terminal) tails of tubulins are the most variable part
among both a-tubulin and B-tubulin isotypes. Compared to -
tubulin, a-tubulin isotypes are much less divergent. However,
little is known so far about the specific functions of a-tubulin
isotypes on microtubule dynamics. Previous studies report that
tubulin a1A is highly expressed in post-mitotic neurons, in the
human and mouse brain (Bamji and Miller, 1996; Gloster et al.,
1999). Notably, TUBA1A is the first reported tubulin gene with
>60 mutations associated with human brain malformation
(Keays et al., 2007; Bahi-Buisson et al., 2014). Recently, an-
other tubulin a1 family member, a1C, is revealed to be impli-
cated in cell proliferation and cell cycle of various tumors
(Wang et al., 2017; Albahde et al., 2020; Bian et al., 2021).
Considering the important functions of tubulin a1 family mem-
bers, we purified mouse recombinant tubulin heterodimers
composed of tubulin a1 family members including a1A, «1B,
and a1C with B2A, a broadly expressed isotype of B-tubulin,
and detected the differences in the dynamics of microtubules
composed of three different a-tubulin isotypes. Compared with
a1A/B2A microtubules, a1C/B2A microtubules grew faster and
had a lower catastrophe frequency. Further experiments with
the chimeric tail-swapped and point-mutation tubulins showed
that the different C-terminal tails of ®1A and «1C accounted for
the different polymerization dynamics at microtubule plus-
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ends. Kinetics analysis revealed that «1C/B2A had a higher af-
finity for the growing microtubule plus-ends than a1A/B2A. In
addition, EB1 showed a higher binding ability to «1C/B2A
microtubules than a1A/B2A ones, while the motility of kinesin-
1 was similar for both types of microtubules, demonstrating
different effects of various a-tubulin isotypes on the interac-
tion between microtubules and different microtubule-
associated proteins (MAPs). In all, our study not only reveals a
significant effect of different a-tubulin isotype composition on
microtubule dynamics but also provides evidence for the im-
portant roles of a-tubulin isotypes in the ‘tubulin code’ theory.

Results
Microtubules composed of mouse a-tubulin isotype «1A, «1B,
or o1C display different dynamics

The amino acid sequences of a1A, a1B, and «1C are highly
conserved. alA only has two and eight different amino acids
with a1B and a1C, respectively (Supplementary Figure S1A).
To determine the polymerization properties of these a-tubulin
isotypes, we expressed and purified alA/B2A, a1B/B2A, and
a1C/B2A tubulin heterodimers from insect cells using a pro-
tocol modified from the previously published methods
(Minoura et al., 2013; Vemu et al., 2016; Ti et al., 2020).
Homogeneous and single-isotype mouse o/B-tubulins were
purified through a double-selection strategy using His-tagged
o-tubulin isotypes (a1lA, a1B, and «1C) and a Flag-tagged
B-tubulin isotype (B2A) (Figure 1A). We typically yielded
>90% pure mouse tubulin dimers from cultured insect cells,
which were then used for further biochemical and biophysi-
cal analyses (Figure 1B; Supplementary Figure S1B). In the
presence of microtubule seeds, mouse alA/B2A, alB/B2A, or
a1C/B2A was able to polymerize into microtubules, respec-
tively, which were visualized by mixing 4% Hilyte-488-la-
beled brain tubulin (Figure 1C). Moreover, the images from
cryo-electron microscopy (Cryo-EM) showed that both a1A/
B2A and a1C/B2A could form microtubules without mixed
brain tubulin and microtubule seeds in the presence of
GMPCPP, a slowly hydrolyzable analog of GTP (Figure 1D),
supporting the capability of microtubule polymerization with
single o/B-tubulin isotype. Thus, single mouse a-tubulin iso-
type with a B-tubulin isotype is able to be successfully puri-
fied and form microtubules.

To examine the dynamics of alA/B2A, a1B/B2A, and alC/
B2A microtubules, we performed in vitro microtubule reconsti-
tution assay using total internal reflection fluorescent (TIRF) mi-
croscopy (Figure 1E). In the presence of mouse microtubule
seeds, 7.5 uM purified soluble tubulin containing 4% HilLyte-
488-labeled brain tubulin was applied to observe the dynamics
of microtubule polymerization. To quantify the parameters of
microtubule dynamics, we generated kymographs from time-
lapse images (Figure 1F). The plus-end growth rate of a1C/B2A
microtubules was ~2-fold as fast as that of a1A/p2A and a1B/
B2A microtubules (Figure 1G). The catastrophe frequency of
alA/B2A and al1B/P2A microtubules was similar, while the
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Figure 1 Dynamics of alA/B2A, o1B/B2A, and o1C/B2A microtubules. (A) Schematic for purification of recombinant tubulin isotypes.
(B) Coomassie blue staining of purified a1A/B2A, a1B/B2A, and a1C/B2A. (C) TIRF images of microtubules formed by a1A/B2A, a1B/B2A,
or a1C/B2A in the presence of GMPCPP-stabilized microtubule seeds (red). HiLyte-488-labeled porcine brain tubulin (~4%) was added to
visualize microtubules (green). Scale bar, 5 um. (D) Cryo-EM images of microtubules formed by a1A/B2A and a1C/B2A, respectively, in the
presence of GMPCPP. Scale bar, 25 nm. (E) Schematic for in vitro microtubule reconstitution assay used to analyze microtubule dynamics.
(F) Kymographs showing typical microtubule growth of 7.5 uM a1A/B2A, a1B/B2A, and a1C/B2A, respectively. (G) Histograms showing the
growth rate, catastrophe frequency, and maximum length of a1A/B2A (n =4, containing 157 microtubules), «1B/B2A (n=3, containing
221 microtubules), and «1C/B2A microtubules (n =4, containing 87 microtubules) at the plus-end. The data are presented as mean +
SEM. ***P < 0.001 vs. o1A/B2A microtubules and #P < 0.01, ##P < 0.001 vs. indicated; Student’s t-test.

catastrophe frequency of a1C/B2A microtubules was one-third
as low as that of alA/B2A and olB/B2A microtubules
(Figure 1G). We further calculated the maximum microtubule
length during its growth episode. The maximum length of a1A/
B2A and a1B/B2A microtubules was similar, while the maxi-
mum length of a1C/B2A microtubules was significantly longer
than that of a1A/B2A and a1B/B2A microtubules (Figure 1G).
Because microtubule polymerization was rarely observed at mi-
nus ends at 7.5 uM tubulin, the polymerization property of mi-
crotubule at minus ends was not quantified. Taken together,
these data suggest that the polymerization dynamics of micro-
tubules composed of a1A/B2A, alB/B2A, or a1C/B2A is largely

diverse, in which o1C/B2A microtubules grow more rapidly
and have a lower catastrophe frequency than «1A/B2A and
o1B/B2A microtubules.

The dynamics of microtubules polymerized from 0.1A/$2A and
a1C/B2A mixture is differentially contributed by each tubulin
isotype

Microtubule in cells is usually made of a mixture of
multiple a-tubulin and B-tubulin isotypes. Since a1A/B2A micro-
tubules exhibited similar dynamics with a1B/B2A ones but dif-
ferent from o1C/B2A ones, we mixed a1A/B2A and o1C/B2A
to measure the dynamic parameters of the mixed microtubules.



In vitro microtubule reconstitution assay showed that the micro-
tubule dynamics was tuned by the ratio of a1A/B2A to a1C/B2A
(Figure 2A and B). An increased ratio of «1A/B2A to a1C/B2A at
7.5 uM tubulin reduced the growth rate and maximum length
whereas boosted the catastrophe frequency of these mixed
microtubules (Figure 2A and B). Meanwhile, an increased ratio
of a1C/B2A to alA/B2A at 7.5 uM tubulin increased the growth
rate and maximum length but reduced the catastrophe fre-
quency of those mixed microtubules (Figure 2A and B).
However, the dynamic parameters of mixed microtubules at
equal amount of a1A/B2A and alC/B2A at 7.5 uM tubulin were
not exactly in the middle between those of a1A/B2A and a1C/
B2A microtubules. The growth rate and maximum length of the
mixed microtubules were closer to that of «1A/B2A ones but the
catastrophe frequency was prone to a1C/B2A ones (Figure 2B),
providing two possibilities that the incorporation efficiency of
two a-tubulin isotypes into microtubules may be unequivalent
and some properties are more like to be influenced by specific
tubulin isotypes. These data suggest that the dynamics of
microtubules polymerized from mixed tubulins depends on the
differential contribution of each tubulin isotype.

The different dynamics of «1A/2A and 0.1C/2A microtubules
are largely attributed to their C-terminal tails

To explore the molecular basis of alA and a1C to control
isotype-specific polymerization property, we compared the
amino acid sequences of a1A and a1C. The sequence align-
ment showed that a1A and «1C had eight differential amino
acids, of which two located within the core structure and six re-
sided at the C-terminal tail (Figure 3A; Supplementary Figure
S1). Due to the larger difference in C-terminal tail, we first gen-
erated chimeric a-tubulin constructs with the swapped C-termi-
nal tail between olA and olC, and then purified the
corresponding tubulin dimers (Figure 3A; Supplementary Figure
S2A). In vitro microtubule reconstitution assay showed that the
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plus-end growth rate, catastrophe frequency, and maximum
length for microtubules composed of a1A swapped the C-termi-
nal tail with a1C, a1A(x1C)/B2A, were close to the microtubules
composed of al1C/B2A, while those parameters for microtu-
bules composed of a1C swapped the C-terminal tail with a1A,
a1C(x1A)/B2A, were close to the microtubules composed of
alA/B2A, at 7.5 uM tubulin (Figure 3B and C). Thus, the C-ter-
minal tail of a-tubulin largely contributes to the differential dy-
namics of a1A/B2A and a1C/B2A microtubules.

A previous study reported that the structured core of human
B-tubulin  confers isotype-specific polymerization property
(Pamula et al., 2016). We further generated a1A and a1C mutant
constructs by exchanging two different amino acids within the
core between a1A and a1C, and then purified corresponding pro-
teins to dissect their effects on the dynamics of isotype-specific
microtubules (Figure 3A; Supplementary Figure S2A). In vitro mi-
crotubule reconstitution assay showed that, at 7.5 uM tubulin,
the plus-end growth rate for a1A mutants including a1A(G232S)/
B2A and a1A(5287T)/B2A was similar to that of a1A/B2A micro-
tubules, as well as the maximum length. We also noted that the
catastrophe frequency of «a1A(G2325)/B2A and a1A(S287T)/B2A
displayed mild changes in comparison with that of a1A/B2A
microtubules but were still significantly higher than that of «1C/
B2A microtubules, suggesting that these two amino acids un-
likely make a significant contribution in determining the catas-
trophe frequency (Figure 3B and C). Furthermore, although the
catastrophe frequency of «1C(5232G)/p2A and a1C(T287S)/B2A
microtubules remained close to that of a1C/B2A ones, the plus-
end growth rate and maximum length of «1C(5232G)/B2A micro-
tubules were similar to that of «1A/B2A microtubules (Figure 3B
and Q). Taken together, these data suggest that the C-terminal
tails of a1A and «1C are crucial for establishing microtubule
dynamics, while two differential amino acids within the core of
alA and alC also affect some parameters of microtubule
dynamics.
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Figure 2 Dynamics of a1A/B2A and a1C/B2A mixed microtubules. (A) Kymographs showing typical microtubule growth of mixed 7.5 uM
a1A/B2A and a1C/B2A at the ratio of 3:1, 1:1, and 1:3, respectively. (B) Histograms showing the growth rate, catastrophe frequency, and
maximum length of microtubules mixed by a1A/B2A and «1C/B2A at the ratio of 3:1 (n =3, containing 243 microtubules), 1:1 (n =3, con-
taining 211 microtubules), and 1:3 (n =3, containing 218 microtubules), respectively. Growth rate, catastrophe frequency, and maximum
length of a1A/B2A (green dashed line) and «1C/B2A (red dashed line) microtubules are shown for reference. The data are presented as

mean + SEM.
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Figure 3 Dynamics of alA(x1C)/B2A, a1C(x1A)/B2A, alA mutant/B2A, and o1C mutant/B2A microtubules. (A) Sequence alignment of
mouse o1A and a1C, as well as scheme of the chimeric and a-tubulin mutant constructs. (B) Kymographs showing typical microtubule
growth of a1A(x1C)/B2A, a1C(x1A)/B2A, a1A mutant/B2A, and o1C mutant/B2A at 7.5 uM. (C) Histograms showing the growth rate, catas-
trophe frequency, and maximum length of a1A(x1C)/B2A (n=3, containing 79 microtubules), a1A(G232S)/B2A (n=4, containing 121
microtubules), a1A(5287T)/B2A (n=29, containing 293 microtubules), a1C(a1A)/B2A (n= 3, containing 117 microtubules), «1C(5232G)/
B2A (n =4, containing 292 microtubules), and a1A(T287S)/B2A (n= 3, containing 90 microtubules) microtubules at the plus-end. Growth
rate, catastrophe frequency, and maximum length of «1A/B2A (green dashed line) and a1C/B2A (red dashed line) microtubules are shown

for reference. The data are presented as mean = SEM.

«1C/B2A has a higher affinity for microtubule plus-ends than
alA/p2A

To understand the biochemical mechanisms underlying the
different polymerization dynamics of a1A/B2A and a1C/B2A
microtubules, we measured the growth rate of microtubules at
various tubulin concentrations and fitted the data to the follow-
ing formula:

Fgrowth = Kon - [TUb] — Koff

where rgouth 1S the growth rate of microtubules and [Tub] is the
concentration of tubulin dimers to calculate the apparent on-rate
(ko) and off-rate (k.r) of the polymerization dynamics (Oosawa,
1970; Pamula et al., 2016). The k., of a1C/B2A was significantly
higher than that of a1A/B2A, while the kg of a1 C/B2A was signifi-
cantly lower than that of a1A/B2A (Figure 4A and Table 1).
Surprisingly, we found that a1C/B2A microtubules nucleated from
the templates at tubulin concentration as low as 2.5 pM, while
with a similar growth rate, «1A/B2A microtubules required 5 pM
tubulin (Figure 4A). The nucleation threshold of a1C/B2A is lower
than that of reported a/B2B, o/B3, «1B/(B1 + B4B), a1A/B3, and
brain tubulin at ~6 uM (Pamula et al., 2016; Vemu et al., 2017),
indicating that «1C/B2A has a strong ability to polymerize. In all,
these results provide an explanation for the higher growth rate of
a1C/B2A in comparison to a1A/B2A.

We further performed this analysis on al1A(x1C)/B2A,
01C(x1A)/B2A, alA mutant/B2A, and o1C mutant/B2A. We

found that the microtubule polymerization dynamics was re-
versed when a1A and a1C exchanged their C-terminal tails,
while the microtubule polymerization dynamics of mutants,
excepted for a1C(5232G)/B2A, was similar to that of their origi-
nal tubulin isotypes (Figure 4B-D and Table 1). The k,, of
a1C(5232G)/B2A was greater than that of a1A/B2A; however,
the kofr of a1C(S232G)/B2A was the largest among those tested
tubulin isotypes and mutants (Figure 4D and Table 1), which
maybe the reason why a1C(S232G)/B2A microtubules had a
slower growth rate and finally caused a shorter maximum
length at the plus-ends (Figure 3B and C). These results sug-
gest that the C-terminal tails of «1A and «1C are important in
determining growth rates of microtubules, and the $232 in a1C
also contributes to microtubule assembly dynamics.

a1A/B2A and 0 1C/B2A microtubules exhibit similar GTP
hydrolysis rates

We then explored the mechanism underlying the different ca-
tastrophe frequencies of a1A/B2A and «1C/B2A microtubules.
Based on the GTP-cap model, the stabilizing cap at the growing
ends of microtubules protects the dynamic microtubules from
catastrophe. Larger stabilizing cap confers greater stability to
microtubules and thereby leads to a lower catastrophe fre-
quency (Duellberg et al., 2016). The size of stabilizing cap is
determined by two factors, namely that a faster growth rate
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tubulin concentrations were fitted by a linear regression (n=3-9, containing 39-295 microtubules) for a1A/B2A and «1C/B2A (A),
a1A(@1C)/B2A and a1C(x1A)/B2A (B), a1A(G232S)/B2A and a1A(S287T)/B2A (C), and a1C(S232G)/B2A and «1C(T287S)/B2A (D) microtu-

bules. The data are presented as mean + SD.

Table 1 The rate constants for recombinant tubulin dimers.
kon [dimers/(uM sec)]

Recombinant tubulin dimers kofs (dimers/sec)

alA/B2A 4.0+0.4 4.8+3.6
a1A(@10)/B2A 8.0+0.6 2.5+2.4
a1A(G2325)/B2A 4.4+0.4 9.3+2.5
a1A(S287T)/p2A 4,0+0.2 3.0+£1.3
alC/B2A 7.2+0.2 1.7+1.1
alC(a1A)/p2A 3.9+0.4 7.0£2.7
a1C(5232G)/B2A 5.5+0.9 14.1+6.8
a1C(T287S)/B2A 6.8+0.1 3.4+0.4

Measurements are from the data presented in Figure 4. The data are presented
as mean £ SD.

increases the cap size and a higher GTP hydrolysis rate reduces
the cap size (Bowne-Anderson et al., 2013). Obviously, the faster
growth rate of a1C/B2A could lead to the smaller catastrophe
frequency. To further address whether the potential change in
GTP hydrolysis rate was involved in this process, we performed a
TIRF-based single-molecule assay to measure the length of EB1
comets, a readout of the maturation rate of stabilizing caps, at
the growing ends of microtubules (Figure 5A; Supplementary
Figure S2B; Maurer et al., 2014; Song et al., 2020). The EB1-GFP
signal with the intensity at 300-800 a.u. and the dwell time
within 5 sec were selected as a single molecule
(Supplementary Figure S3B). To exclude the influence of dif-
ferent growth rates, we equalized the growth rates of microtu-
bules by using 5 uM o1A/B2A and 2.5 pM «1C/B2A. Under
these tubulin concentrations, a1A/B2A microtubules grew at
0.80+0.31 um/min and olC/BP2A microtubules grew at
0.86+0.30 pm/min in the presence of 5 nM EB1-GFP

(Supplementary Figure S3A). Using a previously published
method (Maurer et al., 2014; Song et al., 2020), we applied
single-molecule tracking and comet averaging to measure the
length of EB1 comets. Fitting the averaged comet profiles to a
model of EB binding, which resembled the shape of the fluo-
rescence profiles of EB1 comets, showed that the length of
GTP cap for a1A/B2A microtubules was similar to that of a1C/
B2A microtubules (Figure 5B), suggesting that a1A/B2A and
a1C/B2A microtubules have similar GTP hydrolysis rates.
Taken together, these data indicate that the lower catastrophe
frequency of a1C/B2A microtubules is mainly due to the increase
in growth rate rather than changes in GTP hydrolysis rate.

EB1 but not kinesin-1 shows different behaviors on 1C/f2A
microtubules compared to «1A/2A microtubules

Previous study proposes that the C-terminal tail specifies the in-
teraction of tubulin with some MAPs (Sirajuddin et al., 2014), e.g.
EB1 (Zanic et al.,, 2009). Since the microtubules composed of
a1A/B2A and a1C/B2A exhibited different polymerization dynam-
ics, and a1A and a1C isotypes had different C-terminal tails, we
explored whether MAPs had different binding properties with
a1A/B2A and a1C/B2A microtubules using EB1 and kinesin-1 as
two examples. First, we used the TIRF-based single-molecule assay
to analyze the EB1-binding ability with microtubules, including the
on-rate and dwell time of EB1. Under similar growth rates of micro-
tubules (Supplementary Figure S3A), the dwell time of EB1-GFP on
the plus-ends of «1C/B2A microtubules was significantly longer
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Figure 5 The binding abilities of EB1 and kinesin-1 on «1A/B2A and a1C/B2A microtubules. (A) Representative TIRF images and kymo-
graphs of single-molecule detection assay for EB1. a1A/B2A and «1C/B2A microtubules mixed with ~4% rhodamine-labeled porcine brain
tubulin (red) and EB1-GFP (green) are shown. Scale bar, 2 um. (B) The spatial distribution of EB1-GFP binding events along the longitudinal
axis of microtubules in the presence of 5 nM EB1-GFP, fitting to an exponentially modified Gaussian function. The green line shows the
spatial distribution of EB1-GFP binding events (n=177) on a1A/B2A microtubule. The red line shows the spatial distribution of EB1-GFP
binding events (n=226) on a1C/B2A microtubule. (C) Left: histogram showing the dwell time of EB1-GFP on a1A/B2A (n =5, containing
398 events), a1C/B2A (n=7, containing 272 events), alA(@1C)/B2A (n=5, containing 247 events), and a1C(x1A)/B2A microtubules
(n=6, containing 280 events). Right: histogram showing the apparent association rates of EB1-GFP on «1A/B2A (n=>5, containing
189 events), a1C/B2A (n=7, containing 106 events), a1A(x1C)/B2A (n =5, containing 105 events), and a1C(a1A)/B2A (n =6, containing
106 events) microtubules. The data are presented as mean + SEM. **P < 0.01, ***P < 0.001 vs. a1A/B2A microtubules, and ###p - 0.001
vs. indicated; Student’s t-test. (D) Left: kinesin-1 motility on a1A/B2A and «1C/B2A microtubules. Kymographs showing kinesin-1-GFP
movement on these microtubules. Right: histograms showing the velocity and run length of kinesin-1-GFP on these microtubules (n=3,
a1A/B2A microtubules containing 151 motor measurements and a1C/B2A microtubules containing 155 motor measurements). The data
are presented as mean £ SEM; Student’s t-test.

than that of «1A/B2A microtubules, which was reversed when
alA and ol1C exchanged their C-terminal tails (Figure 5C).
Meanwhile, the on-rates of EB1-GFP were similar on two types of
microtubules (Figure 5C). Altogether, these results suggest that
EB1 has a higher binding ability on «1C/B2A microtubules than
a1A/B2A microtubules.

Finally, we explored whether molecular motors, e.g.
kinesin-1, exhibited different motility on «1A/B2A and al1C/
B2A microtubules. Kinesin-1 is a ubiquitously expressed mo-
tor that transports vesicles, mitochondria, mRNA, and other
cargos (Hirokawa et al., 2009). Using a TIRF-based single-
molecule motility assay, we measured the moving velocity
and run length of kinesin-1 on «1A/B2A and a1C/B2A micro-
tubules (Figure 5D; Supplementary Figure S2B). Both moving
velocity and run length of kinesin-1 were similar between
alA/B2A and a1C/B2A microtubules (Figure 5D). Therefore,

alA and a1C do not exhibit different effects on the motility of
kinesin-1.

Discussion

The precisely regulated dynamics of microtubules is impor-
tant for their versatile cellular functions. Microtubules are com-
posed of o/B-tubulin dimers and vertebrates have multiple
tubulin genes. Here, we study the effects of a-tubulin isotypes
alA and olC on microtubule assembly properties.
Microtubules composed of a1A/B2A grow slowly and undergo a
higher catastrophe, while a1C/B2A microtubules have a faster
growth rate and lower catastrophe and finally result in a longer
length, which were mainly caused by their C-terminal tail and
plus-end affinity. Additionally, some MAPs show distinct bind-
ing properties on these two types of microtubules, i.e. EB1 had
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a longer dwell time on a1C/B2A microtubules, but kinesin-1
displayed similar motility on both microtubules. These findings
expand our current knowledge of a-tubulin isotypes on microtu-
bule dynamics.

Microtubules are important cytoskeletal polymers that play a
variety of essential roles in cells. Previous studies have reported
that o/B-tubulin dimers with different composition of B-tubulin
isotypes, which were obtained by using antibody-based
immuno-affinity chromatography or insect cell-based strategy,
displayed distinct microtubule dynamics (Panda et al., 1994;
Pamula et al., 2016; Vemu et al., 2017). In the present study, we
purified exogenous-expressed a1A/B2A, a1B/B2A, and a1C/B2A
from insect cells and performed in vitro microtubule reconstitu-
tion assay. We detected that «1A/B2A and o1B/B2A microtu-
bules displayed similar dynamics, while a1C/B2A microtubules
had a higher growth rate and lower catastrophe frequency, indicat-
ing that the microtubule dynamics is also controlled by a-tubulin
isotypes. Furthermore, by mixing different ratios of a1A/B2A and
o1C/B2A to mimic the situation of multiple tubulin isotypes in
cells, we found that the parameters of these mixed microtu-
bules were not simply proportional to the ratios of alA/B2A
and a1C/B2A. A previous study also revealed that the microtu-
bules composed of mixed o/Bll and o/BlIl were significantly
less dynamic than those formed from either o/fIl or o/plll
(Panda et al., 1994). Whether the incorporation efficiency of
different tubulin isotypes into microtubules is unequivalent or
some properties of microtubules are more likely influenced by
specific tubulin isotypes needs to be further investigated.
Nevertheless, the present study provides evidences supporting
a significant effect of a-tubulin isotypes on microtubule
dynamics.

Since tubulin isotypes are highly conserved, the C-terminal
tails of tubulins are the most variable part. In the present study,
we exchanged the C-terminal tails of a1A and a1C with each
other and found their microtubule dynamics interchanged,
indicating that the specific polymerization properties are
mainly controlled by their C-terminal tails, which was not similar
to B-tubulin isotypes. Previous study reports that the core struc-
ture of B-tubulin confers isotype-specific polymerization proper-
ties rather than the diverse C-terminal tails (Pamula et al., 2016).
However, exchange of two different amino acids in the core
structure between a1A and a1C did not significantly change mi-
crotubule dynamics. One exception was that replacement of the
serine 232 residue of a1C with the glycine residue of alA,
a1C(5232G)/B2A, resulted in the growth rate and maximum
length of a1C/B2A microtubules close to that of a1A/B2A micro-
tubules. Although one of the differential amino acids in the core
structure of a1A and a1C contributes a little bit to some parame-
ters of microtubule dynamics, the C-terminal tails of a-tubulin
mainly endow isotype-specific polymerization properties.

Microtubule growth rate at plus-ends is sped up with increased
tubulin concentrations and can be fitted to a regression line,
whose slope (ko) represents the affinity of tubulin dimer for mi-
crotubule plus-ends (Oosawa, 1970). In the present study, we
found that the growth rate for «1C/B2A microtubules was ~2-fold

Dynamics of a1A and o1C microtubules | 871

faster than that for a1A/B2A microtubules, and the k, of a1C/
B2A was higher than that of a1A/B2A, suggesting that a1C/B2A
has a higher affinity to microtubule plus-ends than o1A/B2A.
Consistent with our studies, the faster growing «lB/(Bl+ BIVB)
microtubules had a higher k,, than the lower growing microtu-
bules composed of brain tubulin (Vemu et al., 2017), and the
faster growing Caenorhabditis elegans microtubules also dis-
played a higher k,, than the lower growing microtubules con-
sisted of Bos taurus brain tubulin (Chaaban et al., 2018), while
the similar growing o/pll and o/Blll microtubules had an equiva-
lent k,,, (Pamula et al., 2016; Ti et al., 2016). On the other hand,
polymerizing microtubules are protected from depolymerization
by a GTP cap at their ends. Slower GTP hydrolysis rate confers an
instantaneous stability to the polymers (Duellberg et al., 2016).
By using the single-molecule detection assay for EB1, we found
that the GTP hydrolysis rates of «1A/B2A and a1C/B2A microtu-
bules were similar. Therefore, the faster growth rate and lower ca-
tastrophe frequency of ol1C/B2A compared to olA/B2A
microtubules are mostly due to the C-terminal tail-determined
higher affinity of «1C/B2A at plus-ends but not the GTP hydrolysis
rate of microtubules.

Previous studies have shown that the lattice binding of MAPs is
mediated by the C-terminal tail of tubulin (Helenius et al., 2006;
Brouhard et al., 2008; Cooper and Wordeman, 2009; Zanic et al.,
2009). In the present study, «a1C/B2A microtubules exhibited a
higher EB1-binding affinity than a1A/B2A microtubules, and this
phenomenon was reversed by swapping the C-terminal tails of
a1A and a1C tubulins. Additionally, the dwell time of EB1 on both
a1A/B2A and a1C/B2A microtubules was longer than reported in
previous studies, usually <1 sec (Maurer et al., 2014; Song et al.,
2020), which was probably caused by the strong electronegative
Flag tag at the C-terminal tail of 2A, because EB1 bound the mi-
crotubule lattice through an electrostatic interaction with the
C-terminal tail of tubulin (Zanic et al., 2009). In contrast, both the
velocity and run length of kinesin-1 on a1A/B2A and a1C/B2A
microtubules were similar, supporting previous study showing
that kinesin-1 mostly requires the C-terminal tail of B-tubulin for
full activity (Sirajuddin et al., 2014).

In the present study, we purified recombinant al1A/B2A,
a1B/B2A, and a1C/B2A and found that microtubule polymeriza-
tion properties were not only affected by specific a-tubulin iso-
types, which was mainly determined by the variable C-terminal
tails, but also modulated by the ratios of diverse a-tubulin iso-
types. Future studies with other specific tubulin isotypes and
different compositions of tubulin isotypes could provide more
information on the intricate roles of various tubulin isotypes.
Overall, the present study provides evidence for the ‘tubulin
code’ hypothesis and complements the effect of a-tubulin iso-
types on microtubule dynamics.

Materials and methods
Plasmids

The expression constructs for alA (NM_011653.2), o1B
(NM_011654.2), a1C (NM_009448.4), and B2A (NM_009450.2)
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were cloned from ¢cDNA of mouse brain tissue into the vector
pFastBac Dual. a1A, a1B, and a1C sequences were inserted after
the polyhedron promoter, and 2A sequence was inserted after
the p10 promoter. For affinity purification, a sequence encoding
GGSGG linker and a Flag tag were fused to the 3’ end of B2A
cDNA sequence. For a1A, 1B, and 1C, a His tag was inserted in
the acetylation loop (between 142 and G43) (Sirajuddin et al.,
2014). An enhancer L21 (Sano et al., 2002) was added to each of
these sequences just before the start codon. EB1-GFP was con-
structed with a GFP tag and a His tag after the full-length human
EB1 (NM_012325), and a sequence encoding a PreScission pro-
tease site was inserted between the GFP tag and His tag. The con-
stitutively active rat kinesin-1-GFP (rKin430-GFP) plasmid was a
gift to Xin Liang from Jonathon Howard (Yale University) and this
construct was originally from Rob Cross (Rogers et al., 2001).

Purification of brain tubulin

Mouse brain tubulin was purified as described previously
(Castoldi and Popov, 2003). Briefly, wild-type C57/BL6 mouse
(adult, 20-25 g) brains were collected and homogenized in
cold depolymerization buffer (50 mM MES, 1 mM CaCl,, pH
6.6). Then, through two cycles of polymerization—depolymeriza-
tion in high-molarity PIPES buffer (1 M PIPES, 10 mM MgCl,, 20
mM EGTA, pH 6.9), the tubulin supernatant was collected, fro-
zen in liquid nitrogen, and stored at —80°C.

Expression and purification of mouse recombinant tubulin

The Bac-to-Bac system (Life Technologies) was used to gener-
ate recombinant baculovirus. To express mouse recombinant tu-
bulin composed of His-tagged a-tubulin isotypes (a1A, a1B, or
a1C) and Flag-tagged B2A, SF9 cells (Life Technologies) were
grown to 2.0-2.5x10° cells/ml in Sf-900™ Il SFM (Thermo Fisher
10902088) supplemented with antibiotics including penicillin
and streptomycin and infected with P3 or P4 viral stocks. Cells
were cultured in suspension at 27°C and harvested at 72 h after
infection. The following steps were performed at 4°C. Cells were
lysed by sonication in lysis buffer (80 mM PIPES, pH 6.9, 100 mM
KCl, 1 mM MgCl,, 1 mM EGTA, 0.1 mM GTP, 0.5 mM ATP, 1 mM
PMSF), and the lysate was centrifuged for 30 min at 35000 g. The
supernatant was then filtered through a 0.45-um Millex-HV PVDF
membrane and loaded on a nickel-nitrilotriacetic acid column
(Qiagen) pre-equilibrated with lysis buffer. The column was washed
with 30-50 ml wash buffer (lysis buffer supplemented with 25 mM
imidazole) and then eluted with elution buffer [1x BRB80 (80 mM
PIPES, 1 mM MgCl,, 1 mM EGTA), 300 mM imidazole, 0.1 mM GTP,
pH 7.0]. The eluate was diluted with an equal volume of BRB8O
buffer supplemented with 0.1 mM GTP, and then mixed with
anti-Flag antibody-conjugated resin (Sigma-Aldrich) for 2 h.
Flag-tagged tubulin was eluted with BRB80 buffer
supplemented with 0.2 mg/ml 3x Flag peptide (APE x BIO
A6001). The purified tubulin was concentrated and desalted on

an Amicon Ultracel-30 K filter (Millipore, Merck KGaA) with
BRB80 and 0.1 mM GTP. Small aliquots of tubulin were frozen
in liquid nitrogen and stored at —80°C. Using this protocol, we
generally yielded 200-600 pg recombinant isotype-specific tu-
bulin dimers per liter of SF9 cells. Additionally, we also tried to
purify mouse recombinant tubulin composed of His-tagged
a-tubulin isotypes (a1A, a1B, or a1C) and B2A without Flag tag
in the C-terminal tail. However, the yield of purified tubulin with
the Flag tag removable plasmid was very low, which was not
enough for further tag removal and following experiments.
Considering that the main purpose in the present study was to
detect the different effects of a-tubulin isotypes, the tubulin
heterodimer with the same Flag-tagged B2A was acceptable, al-
though it was not perfect.

The purified recombinant tubulins were run on sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gel follow-
ing Coomassie blue staining. Then, three visible bands be-
tween 100 and 250 kDa besides tubulin bands were excised
and further analyzed by mass spectrometry. The analysis from
mass spectrometry showed that the top five contaminated pro-
teins of a1A/B2A and a1C/B2A were the same and represented
>90% of the total, including SFRICE_00452, SFRICE_019683, ubig-
uitin C-terminal hydrolase 7, SFRICE_000333, and SFRICE_022541.
The functions of these proteins were not reported to be directly re-
lated to microtubule or unknown. The data of mass spectrometry
are provided in Supplementary Tables S1 and S2.

Purification of MAPs

The kinesin-1-GFP and EB1-GFP were expressed and purified
from Escherichia coli BL21(DE3) using a protocol that was modi-
fied from the previously published methods (Maurer et al., 2011;
Tas et al., 2017). The transformed E.coli BL21(DE3) cells were cul-
tured in Luria—Bertani medium (LB) at 20°C and collected at 16 h
after induction with 0.5 mM isopropyl 1-thio-b-galactopyranoside
(Sigma). Cells were lysed by sonication in lysis buffer (20 mM
PIPES, pH 6.9, 150 mM KCl, 4 mM MgCl,, 0.1 mM ATP, 1 mM
PMSF). The lysate was cleared by centrifugation at 35000 g for 20
min at 4°C. The supernatant was filtered through a 0.45-um filter
and loaded on a nickel-nitrilotriacetic acid column (Qiagen) pre-
equilibrated with lysis buffer. The column was washed with 30—
50 ml wash buffer and eluted with elution buffer (80 mM PIPES,
pH 6.9, 4 mM MgCl,, 1 mM EGTA, 300 mM imidazole, 0.1 mM
ATP). The proteins were concentrated and gel-filtrated on a
Superdex™ 75 10/300 GL size exclusion chromatography column
(GE Healthcare) equilibrated with stock buffer (80 mM PIPES, pH
6.9, 100 mM KCl, 4 mM MgCl,, 1 mM EGTA, 0.1 mM ATP). Protein
fractions containing the target protein were collected and concen-
trated. The protein concentration was estimated by UV at 280
nm, frozen in liquid nitrogen, and stored at —80°C. For EB1-GFP,
the crude protein was mixed with a final concentration of 4 U
PreScission protease (Beyotime) before size exclusion
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chromatography and incubated at 4°C overnight to remove the
His tag, and the buffer used to purify EB1-GFP did not require
ATP.

Preparation of GMPCPP-stabilized microtubules for Cryo-EM

For the construction of GMPCPP-stabilized a1A/B2A and
a1C/B2A microtubules, 15-20 uM a1A/B2A or a1C/B2A tubu-
lins were incubated with 1 mM GMPCPP (Jena Biosciences) at
37°C for 1 h. To remove unpolymerized tubulin, the solution
was centrifuged at 126000 g for 5 min at 27°C and the superna-
tant was discarded. Then, the microtubule pellet was resus-
pended in cold BRB80 and depolymerized at 4°C for 20 min,
followed by a second round of polymerization at 37°C with 1 mM
GMPCPP for 1 h. Microtubule seeds were pelleted as above and
resuspended in 37°C pre-warmed BRB80 with ~80% volume of
initial reaction. The microtubule solution was diluted at a ratio of
1:2-1:3, and 2.2 pl was applied to the plasma-cleaned grid us-
ing a Vitrobot Mark IV (Thermo Fisher Scientific). Images were
collected using a Titan Krios transmission electron microscope
(Thermo Fisher Scientific) operated at 300 kV. All images were
recorded on a K2 Summit direct electron detector (Gatan) at a
nominal magnification of 18000x, yielding a pixel size of 1.3 A.

In vitro microtubule reconstitution assay

In vitro microtubule reconstitution and imaging for dynamic
growth of mouse recombinant tubulin were performed accord-
ing to the previous report (Gell et al., 2010). Mouse recombi-
nant tubulin was mixed with Hilyte-488-labeled brain tubulin
(Cytoskeleton), grew from rhodamine-labeled GMPCPP-
stabilized microtubule seeds, and imaged by TIRF microscopy.

For the construction of rhodamine-labeled or Alexa-647-labeled
and GMPCPP-stabilized brain microtubule seeds, we used a similar
method as the preparation of GMPCPP-stabilized microtubules for
Cryo-EM. For the GMPCPP-stabilized microtubule seeds, tubulins
were composed of 80% unlabeled mouse brain tubulin, 10% biotin-
tubulin (Cytoskeleton), and 10% rhodamine-tubulin (Cytoskeleton)
or Alexa-647-tubulin (Cytoskeleton). The microtubule seeds were fro-
zen in liquid nitrogen and stored at —80°C. The GMPCPP-stabilized
microtubule seeds were immobilized onto neutravidin-coated glass.

The sample chamber was prepared by cleaning and silaniz-
ing the 18 mm x 18 mm glass coverslips. The flow chamber
was assembled from the glass coverslips onto microscopic
slides with a double-sided tape. The imaging reaction buffer
consisted of 1x BRB80 supplemented with 25 mM glucose,
300 puM glucose oxidase, 100 uM catalase, 0.25 mg/ml bovine
serum albumin (BSA), 75 mM KCl, 5 mM dithiothreitol, 0.1%
methylcellulose, and 1 mM GTP. The sample was sealed with
nail polish. During the experiment, the sample was kept at
37°C + 1°C. Imaging was started 5 min after placing the cham-
ber on a temperature-controlled workstation (37°C + 1°C) with
the microscope. The dynamic growth of microtubules was im-
aged at 3-sec intervals for 15 min via TIRF microscopy with
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Zeiss cell observer spinning disk system and a 100x oil lens.
The images were recorded with a pixel size of 160 nm.

Analysis of microtubule dynamics

The kymographs were generated using Image) 2.0 software
(NIH) and further analyzed with the Image-Pro Plus 5.1 software
(Media Cybernetics). The parameters of microtubule dynamic
instability were determined from a kymograph. The growth rate
of microtubules was calculated as the average rate of either in-
dividual growth episode from start of growth to catastrophe.
The catastrophe frequency was calculated as the number of
events per total time of microtubule growth. The maximum
length of microtubules was calculated as the longest distance
of each microtubule during its growth episode.

Single-molecule assay

For EB1, during in vitro microtubule reconstitution, 5 nM
EB1-GFP was added with different tubulin isotypes to the reac-
tion buffer containing 1x BRB80, 25 mM glucose, 300 nM glu-
cose oxidase, 100 nM catalase, 0.25 mg/ml BSA, 75 mM KCl,
2 mM MgCl,, 5 mM dithiothreitol, and 1 mM GTP. In this assay,
the dynamic microtubule and EB1-GFP single molecule were
recorded using a TIRF microscope (Olympus) equipped with an
Andor 897 Ultra EMCCD camera (Andor) using a 100x TIRF ob-
jective (NA 1.49; Olympus). Alexa-647-labeled microtubule
seeds were used and time-lapse TIRF imaging was acquired at
0.1-sec intervals with a 0.05-sec exposure for 5 min at 37°C.
Microtubule end tracking and further analysis were performed
according to previous description (Maurer et al., 2014; Song et
al., 2020). Briefly, rhodamine-labeled microtubule plus-ends
were automatically tracked by a MATLAB program (MathWorks).
A two-dimensional model describing the microtubule lattice as
a Gaussian wall and the microtubule plus-end as a half-
Gaussian was fitted to the area in the original image where
microtubules were identified, which was used to locate the
plus-ends of microtubules at each frame. Then, the position of
microtubule ends was used as a reference in aligning and aver-
aging the EB1-GFP comet signals in the time-lapse images. To
measure the position of individual EB1-GFP molecules at micro-
tubule ends, a Gaussian function was used to fit the intensity
profile of individual EB1-GFP molecules. The peak location (rel-
ative to the position of the microtubule end) was recorded as
the position of each EB1-GFP. The positional distribution of
EB1-GFP binding sites was plotted along the longitudinal axis
of microtubules and fitted to an exponentially modified
Gaussian function to calculate the full width at half maximum
as an estimation of the length of the EB1-binding region.

For kinesin-1, GMPCPP-stabilized a1A/p2A or olC/B2A
microtubules containing 5% rhodamine-tubulin and 5% biotin-
tubulin were seeded into the chamber. Then, the imaging buffer
containing 1x BRB80, 1 nM kinesin-1-GFP, 25 mM glucose,
300 nM glucose oxidase, 100 nM catalase, 0.25 mg/ml BSA,
and 1.5 mM ATP was added into the chamber. Time-lapse TIRF
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imaging was acquired at 0.1-sec intervals for 2 min at 37°C.
The images were recorded with a pixel size of 80 nm. The veloc-
ity and run length of kinesin-1 were calculated using the kymo-
graph analysis in ImageJ software.

Statistical analysis

Data were acquired from at least three independent experi-
ments and presented as mean + SEM. Statistical significance
was analyzed using Student’s unpaired t-test using Prism 8
software (GraphPad). The measurements of ky, and k. were
performed in OriginLab software using linear fitting weighted
with the standard deviation. Differences were considered sig-
nificant at the level of P < 0.05.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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