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Malformations of cortical development are characteristic of a plethora of diseases that includes polymicro-
gyria, periventricular and subcortical heterotopia and lissencephaly. Mutations in TUBA1A and TUBB2B,
each a member of the multigene families that encode a- and b-tubulins, have recently been implicated in
these diseases. Here we examine the defects that result from nine disease-causing mutations (I188L,
I238V, P263T, L286F, V303G, L397P, R402C, 402H, S419L) in TUBA1A. We show that the expression of all
the mutant proteins in vitro results in the generation of tubulin heterodimers in varying yield and that
these can co-polymerize with microtubules in vitro. We identify several kinds of defects that result from
these mutations. Among these are various defects in the chaperone-dependent pathway leading to de
novo tubulin heterodimer formation. These include a defective interaction with the chaperone prefoldin, a
reduced efficiency in the generation of productive folding intermediates as a result of inefficient interaction
with the cytosolic chaperonin, CCT, and, in several cases, a failure to stably interact with TBCB, one of five
tubulin-specific chaperones that act downstream of CCT in the tubulin heterodimer assembly pathway. Other
defects include structural instability in vitro, diminished stability in vivo, a compromised ability to co-assem-
ble with microtubules in vivo and a suppression of microtubule growth rate in the neurites (but not the soma)
of cultured neurons. Our data are consistent with the notion that some mutations in TUBA1A result in tubulin
deficit, whereas others reflect compromised interactions with one or more MAPs that are essential to proper
neuronal migration.

INTRODUCTION

The organization of the mammalian brain depends on events
involving extensive neuronal migration during development.
Following proliferation in the ventricular zone, neurons
migrate to their final destination in an orchestrated fashion
(1). These migration events are influenced by a spectrum of
genes that regulate the advancement of the leading neurite,
translocation of the nucleus and retraction of the trailing
process. Not surprisingly, mutations in these genes result in
a range of neurodevelopmental diseases that are characterized

by severe cortical malformations. In most cases, there are pro-
found accompanying disabilities, including severe mental
retardation and epilepsy (2).

Malformations of cortical development have been classified
into several subcategories. These include polymicrogyria,
periventricular heterotopia, subcortical band heterotopia and
lissencephaly. The pathological features of these diseases
have been associated with mutations in a number of genes,
including SPRX2 (3), KIAA1279 (4), GPR56 (5,6), PAX6
(7), TBR2 (8), COL18A1 (9), FLNA1 (10), RAB3GAP1 (11),
DCX (12,13) and LIS1 (14,15). Both DCX and LIS1 have
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been implicated in the regulation of cytoskeletal function via
modulation of microtubule polymerization. LIS1 binds to
dynein via a number of distinct sites (16,17), as well as to
several proteins (mNudC, mNudE, NudEL) that are involved
in nuclear distribution (18,19). These observations imply a
link between LIS1 and nucleokinesis. DCX co-assembles
with brain microtubules, both nucleating and stabilizing
them (20), consistent with an important role in influencing
microtubule function (21,22).

It is becoming increasingly clear that nuclear migration and
growth cone extension are key components of neuronal
migration and that both are dependent on a dynamic microtu-
bule network (23). The subunit from which microtubules are
assembled is the a/b-tubulin heterodimer, consisting of one
a- and one b-tubulin polypeptide. Each microtubule is a polar-
ized polymer consisting of 13 protofilaments; these are formed
by the head-to-tail juxtaposition of tubulin heterodimers and
surround a hollow core. In mammals, a small multigene
family encodes the a- and b-tubulins, and the pattern of
expression of tubulin-encoding genes shows variation among
different tissues as well as distinctive patterns of regulation
during development (24,25). The dynamic behavior of micro-
tubules is characterized by the entry or release of tubulin het-
erodimers from the plus ends of the microtubule polymer such
that the microtubule either grows or shrinks, a process termed
‘dynamic instability’ (26). A key feature of dynamic instabil-
ity is that incorporation of tubulin heterodimers containing
GTP bound to the b-subunit results in a so-called ‘GTP
cap’, which stabilizes the microtubule end, and that the size
of this cap determines whether a given microtubule will
grow or transition to a rapidly depolymerizing phase. The
importance of microtubules and the proper regulation of
their dynamic behavior for neuronal migration are emphasized
by our discovery that mutations in a a-tubulin subunit encoded
by TUBA1A cause lissencephaly (27). Indeed, mutations in
TUBA1A (28,29) cause a variety of complex brain disorders.
Moreover, there is an association between bilateral asymmetri-
cal polymicrogyria and de novo mutations in TUBB2B (15),
and heterozygous missense mutations in TUBB3 result in a
spectrum of nervous system disorders referred to as TUBB3
syndromes (30).

In principle, mutations in tubulins could result in defects in
neuronal migration and differentiation via a number of differ-
ent mechanisms. In one scenario, there could be a defect in
microtubule dynamics conferred, for example, by compro-
mised binding of guanine nucleotide or by a disruption of
one or more critical interactions with a microtubule effector
such as a molecular motor (kinesin or dynein) responsible
for intracellular trafficking in neurons. In a second and unre-
lated potential mechanism, a mutation in tubulin could result
in a reduced abundance of functional tubulin heterodimers.
In this context, it is important to note that the tubulin hetero-
dimer cannot assemble spontaneously. Rather, newly trans-
lated a- and b-tubulin polypeptides must first interact with
several chaperone proteins. These include prefoldin (PFD)
(31), the cytosolic chaperonin CCT (32) and a series of five
chaperone proteins termed TBCA-TBCE (33) that function
in concert to integrate a- and b-tubulins (neither of which
exist as a stable independent entity) into the heterodimer (sum-
marized in Supplementary Material, Fig. S1). Genetic exper-

iments with model organisms have shown that CCT as well
as TBCB, TBCD, TBCC and TBCE are essential for life: con-
sequently, defective interaction of a mutant form of tubulin
with any one of these chaperones could result in haploinsuffi-
ciency [defined as a situation in which one copy of a wild-type
gene is insufficient to provide wild-type function (34,35); note
that this is not limited to null mutations, but also extends to
missense mutations that result in compromised function
(36,37)]. Indeed, analysis of the mechanism underlying a
pachygyria-causing mutation in the TUBA1A mutation
R264C has revealed a number of defects in the overall
tubulin heterodimer assembly pathway, the most striking of
which is a failure of quasi-native a-tubulin molecules to inter-
act efficiently with TBCB (38). Here we present an analysis of
the biochemical and biological consequences of nine disease-
causing mutations in TUBA1A [I188L, P263T, L286F, R402C,
R402H, S419L (28); I238V (39); L397P (29) and V303G].
Our data reveal the existence of a class of mutations that
fail to interact efficiently with TBCB, as well as other
defects that compromise the biosynthetic pathway leading to
heterodimer assembly or that affect microtubule dynamics.

RESULTS

Location of disease-associated residues within the
structure of the a-tubulin polypeptide

We mapped the location of disease-associated mutated resi-
dues onto the structure of the a-tubulin polypeptide (Fig. 1).
This analysis showed that the mutations are widely scattered:
seven mutated residues (P263, L286, V303, L397, R402,
S419) are located on the surface, whereas two (I188 and
I238) are buried in the molecule’s interior. Two of the
mutated residues (R402 and L397) lie close to points of
contact with b-tubulin, whereas two others (L286 and V303)
lie in fairly close proximity to the GTP-binding pocket. The
fact that the mutations show no evidence of clustering
suggested that several different mechanisms might contribute
to the clinical pathology. We therefore proceeded with a com-
prehensive biochemical and biological analysis of the effects
of the mutations on tubulin folding, heterodimer assembly,
microtubule dynamics and stability.

Expression of disease-causing mutations by transcription/
translation in vitro

We first examined the effects of the disease-associated
mutations in a translational context. To do this, we analyzed
the products of in vitro transcription/translation generated in
rabbit reticuloctye lysate. The reaction products were analyzed
in two ways: under denaturing conditions (to assess the overall
efficiency of translation) and under native conditions (to assess
the relative efficiency of formation of native heterodimer).
Analysis of the reaction products under denaturing conditions
showed that the wild-type control and all the various
disease-associated mutations were translated in the cell-free
cocktail with essentially the same efficiency (Fig. 2A). In con-
trast, analysis of the identical reaction products under native
conditions revealed that although all of the mutations resulted
in the generation of a product that migrated as native
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heterodimer, the yield of this product varied across a conti-
nuum from an amount similar to the wild-type control (in
the case of L286F) to slightly reduced amounts (in the case
of mutants I188L, I238V, P263T, R402H and S419L) to sig-
nificantly diminished amounts (in the case of mutants,
V303G, L397P and, most conspicuously, R402C) (Fig. 2B
and C). We also noted a discernible enhancement in the
yield of CCT/a-tubulin binary complexes in reactions done
with V303G and L397P, as well as an increase in the yield
of the band corresponding to the a-tubulin/PFD co-complex
(31) in the case of R402C (Fig. 2B).

We sought to determine whether the relatively low yield of
heterodimer in the case of several disease-associated mutants
might be ascribable to a compromised rate of transit through
the assembly pathway. To do this, we examined the products
of transcription/translation reactions in a time-dependent
manner (Supplementary Material, Fig. S2). Several of the
mutations (I188L, I238V, P263T, L286F, R402H, S419L)
were generally similar in the kinetics of intermediate and
product formation compared with the wild-type control,
while others showed clear differences. For example, analysis
of R402C confirmed an enhanced abundance of the PFD/
a-tubulin binary complex and showed a delayed decline in
label associated with this species relative to the wild-type
control. In the case of V303G and L397P, there was a
delayed decline in label associated with the CCT/a-tubulin
binary complex. These data are consistent with the results pre-
sented in Figure 2 and suggested the existence of one or more
defects in the tubulin heterodimer assembly pathway in the
case of V303G, L397P and R402C (see below).

Mutant-containing tubulins are universally competent for
microtubule co-polymerization in vitro

To test whether mutant-containing tubulin heterodimers are
competent to assemble into microtubules, we mixed the pro-
ducts of in vitro transcription/translation reactions with
native, depolymerized bovine brain microtubules. These
were then taken through three successive cycles of

GTP-dependent polymerization and depolymerization. At the
end of each cycle, an aliquot containing the same amount of
total protein was removed and analyzed by SDS–PAGE.
The result of this experiment showed that all mutant proteins
co-cycled with authentic brain microtubules with undimin-
ished efficiency compared with a wild-type control (Fig. 3).
We conclude that all the disease-causing TUBA1A mutations
under study are competent for assembly into microtubules
in vitro.

Deficiencies in the production of CCT-mediated IQ folding
intermediates

In principle, a reduced yield of assembly competent heterodi-
mers could be a consequence of one or more defects at any

Figure 1. Location of mutated residues within the structure of the a-tubulin
polypeptide. The figure shows the surface location of seven amino acids
[R264 (38), P263, L286, V303, L397, R402 and S419 (this study)] on the
a-tubulin polypeptide. Note that two different mutations (R402C and
R402H) are located at R402. Two other disease-associated mutations
located at I188 and I238 are not shown in the figure because they are buried
in the interior of the molecule.

Figure 2. Expression of TUBA1A mutations upon transcription/translation in a
cell-free system. Wild-type and mutant sequences were expressed as
[35S]methionine-labeled polypeptides by transcription/translation in rabbit
reticulocyte lysate. Equal aliquots of the reaction products were analyzed
under either denaturing (SDS–PAGE) (A) or native conditions (B). Arrows
in (B) (top to bottom) show the migration positions of the a-tubulin/CCT
binary complex, the PFD/a-tubulin co-complex and tubulin heterodimers,
respectively. (C) Quantification (with standard deviation) of the yield of
tubulin heterodimer derived from four independent experiments such as that
shown in (B). For each mutation, the amount of heterodimer generated is nor-
malized with respect to the translational efficiency as shown by SDS–PAGE,
and the data compared with wild-type (taken as 100%).
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step in on the complex pathway leading to de novo tubulin het-
erodimer assembly (Supplementary Material, Fig. S1). An
early and critical event in this pathway is the generation of
productive folding intermediates via ATP-dependent cycling
of tubulin polypeptides with the cytosolic chaperonin CCT.
This results in the generation of chaperonin-bound quasi-
native folding intermediates termed IQ, defined by their acqui-
sition of a non-exchangeable (i.e. N-site) GTP-binding pocket
(40). We used this criterion to measure the relative efficiency
with which CCT can cycle mutant a-tubulins relative to a
wild-type control. In each case, equal amounts of unlabeled,
urea-denatured target proteins made via expression in Escher-
ichia coli were presented to CCT and the reactions incubated
in the presence of ATP and a-32P-labeled GTP. The reaction
products were then analyzed on native gels. The results of
this experiment showed that mutants I188L, I238V, L397P
and (most conspicuously) R402C all generated lower yields
of 32P-labeled IQ intermediates compared with the wild-type
control (Fig. 4A and B). We also monitored the kinetics of
IQ formation in the case of those mutations (V303G, L397P
and R402C) that gave a compromised yield of heterodimers
upon transcription/translation in a cell-free system (Fig. 2).
The data showed a diminished rate (relative to the control)
of IQ formation for L397P and R402C and (in the case of
R402C) a time-dependent decay of IQ intermediates
(Fig. 4C). We conclude that several disease-associated
TUBA1A mutations result in a diminished efficiency
whereby they are cycled by CCT so as to produce potentially
productive folding intermediates; in addition, IQ intermediates
are unstable in the case of R402C.

Defective interactions with TBCB revealed by in vitro
CCT-driven folding reactions and TBCD-driven
heterodimer disruption reactions

To explore the existence of defects in interactions that occur
downstream of CCT in the tubulin heterodimer assembly
pathway (Supplementary Material, Fig. S1), we did in vitro
folding reactions using fully purified components (i.e. CCT
and the downstream chaperones TBCB-E). Wild-type and
mutant a-tubulins were expressed as [35S]methionine-labeled
proteins in E. coli. The resulting insoluble inclusion bodies
were purified, unfolded in 8 M urea and used as target proteins

in reconstituted folding reactions in the presence of the various
components required for productive folding (33,41). In each
case, the reaction products were resolved by native PAGE.

We first did fully reconstituted folding reactions containing
CCT, ATP, GTP, TBCB, TBCC, TBCD, TBCE and native
tubulin (provided as a source of b-tubulin). In these exper-
iments, we found that, consistent with our transcription/trans-
lation data (Fig. 2), all the disease-associated mutations were
capable of generating native heterodimers, albeit in varying
yield (Fig. 5A). We also did folding reactions with CCT,
ATP, GTP and TBCB alone. This approach was based on
our recent observation that the TUBA1A pachygyria-causing
mutation R264C is characterized by a low yield of de novo
assembled heterodimers as a result of a defect in the ability
of CCT-generated a-tubulin folding intermediates to stably
bind to TBCB (38). We found that seven of the mutations

Figure 3. Co-cycling of heterodimers containing TUBA1A mutant a-tubulins
with bovine brain microtubules. Wild-type and mutant sequences expressed as
[35S]methione-labeled proteins by transcription/translation in rabbit reticulo-
cyte lysate were tested for their ability to co-cycle with added native bovine
brain microtubules through successive cycles of polymerization and depoly-
merization. At the end of each cycle, aliquots containing identical, amounts
of total protein were removed and analyzed by SDS–PAGE.

Figure 4. Generation of quasi-native (IQ) folding intermediates via ATP-
dependent interaction with CCT. Wild-type and mutant TUBA1A sequences
were expressed as unlabeled insoluble inclusion bodies in E. coli, unfolded
in 8 M urea, and equal amounts used as target proteins in folding reactions con-
taining CCT, ATP and 32P-labeled GTP. Following incubation to allow the
generation of IQ intermediates (see text), the reaction products were resolved
on native polyacrylamide gels. (A) IQ formation for wild-type and mutant
TUBA1A target proteins. (B) Bar diagram showing the quantification (with
standard deviation) of data based on four experiments done in the same
manner as those shown in (A). (C) Kinetics of IQ formation for those
disease-associated mutations (L397P, V303G and R402C) that produce a com-
promised yield of heterodimers upon transcription/translation in vitro (Fig. 2).
Note the time-dependent decay of CCT-bound [32P]GTP in the case of R402C.
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under study (I188L, I238V, P263T, L286F, R402C, R402H
and S419L) produced a product that co-migrated with the
TBCB/a-tubulin intermediate generated in a parallel reaction
done with the wild-type control, although the yield of this
intermediate varied significantly among these mutants. Con-
spicuously, however, in common with R264C, mutants
V303G and L397P both failed to yield any detectable
amount of this product (Fig. 5B). These data define a new
class of disease-causing mutations in TUBA1A that shares a
defective or inefficient binding of TBCB to CCT-generated
a-tubulin folding intermediates.

We sought further insight into the nature of defective inter-
actions with TBCB by taking advantage of the fact that the
tubulin heterodimer assembly reaction can be driven in
reverse: the action of TBCD on native tubulin heterodimers
disrupts them, sequestering b-tubulin as a co-complex with
TBCD (Fig. S1). Under these conditions, the a-tubulin
subunit is released and rapidly decays to a non-native state
unless it is captured by interaction with TBCB to form a
stable TBCB/a-tubulin co-complex. To examine the efficiency
of TBCB/a-tubulin co-complex formation, purified wild-type
and mutant heterodimers 35S-labeled in their a-tubulin sub-
units were incubated with a 2-fold stoichiometric excess of
TBCD (to disrupt the heterodimers) and a 10-fold molar
excess of TBCB (to capture labeled, released a-tubulin sub-

units). The reaction products were resolved by native PAGE.
These experiments showed that TBCD-mediated disruption
of heterodimers containing 35S-labeled I188L, I238V,
P263T, L286F, R402C, R402H and S419L resulted in the pro-
duction of TBCB/a-tubulin that was comparable to wild-type
levels. On the other hand, L397P and V303G yielded only
very low levels of this co-complex (Fig. 5C). These data are
broadly consistent with the results of our forward
(CCT-driven) folding reactions (Fig. 5A and B). We interpret
the barely detectable presence of a TBCB/a-tubulin product in
either forward or back reactions in the case of L397P as
reflecting a severely compromised ability of this mutant to
stably interact with TBCB. In the case of R402C, the
modest yield of TBCB/a-tubulin in forward folding reactions
(Fig. 5B), but relatively abundant yield of this intermediate in
back reactions (Fig. 5C), is consistent with the compromised
yield and instability of CCT-generated IQ intermediates in
the case of this mutant (Fig. 4). On the other hand, V303G pro-
duces very little or no detectable TBCB/a-tubulin co-complex
in CCT-driven (i.e. forward) folding reactions (Fig. 5B), and
only a modest quantity of the same intermediate in
TBCD-mediated tubulin heterodimer disruption reactions
(Fig. 5C). The generation of a modest level of heterodimer
in fully reconstituted folding reactions done with V303G
(Fig. 5A) therefore appears paradoxical.

Figure 5. Defective interactions with TBCB in CCT-driven folding reactions and in TBCD-mediated tubulin destruction reactions. Wild-type and mutant
a-tubulin polypeptides were expressed as 35S-labeled insoluble inclusion bodies in host E. coli cells. These were purified, unfolded in 8 M urea and used as
probes in in vitro CCT-mediated folding reactions containing CCT, ATP, GTP and either the full complement of chaperones (TBCB, TBCC, TBCD and
TBCE) required for the de novo assembly of the tubulin heterodimer (A) or in parallel folding reactions containing CCT, ATP, GTP and TBCB alone (B).
In each case, the reaction products were resolved on native polyacrylamide gels. (C) De novo assembled native tubulin heterodimers 35S-labeled in their
a-subunits were generated by transcription/translation in vitro. Following purification, the labeled heterodimers were incubated with a molar excess of
TBCD (to disrupt them) in the presence of TBCB (present as a capturing agent for a-tubulin subunits free of b-subunits). The reaction products were analyzed
on non-denaturing polyacrylamide gels. Arrows in (A) and (B) (top to bottom) show the migration positions of the a-tubulin/CCT binary complex, the TBCB/
a-tubulin co-complex and tubulin heterodimers, respectively.
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To resolve this paradox, we did an experiment to directly test
the stability of the TBCB/a-tubulin co-complex in heterodimer
assembly reactions done with V303G. Labeled, urea-unfolded
wild-type or V303G probes were presented to CCT in in vitro
folding reactions containing ATP and GTP; these were incu-
bated for 1 h in order to generate IQ intermediates. TBCB was
added (in order to allow the formation of the TBCB/a-tubulin
co-complex) and the reactions divided into three equal aliquots.
In one case, the incubation was continued without further
addition. In a second case, TBCC, TBCD and TBCE were
immediately added in order to promote the generation of de
novo assembled tubulin heterodimers. In the third case,
TBCC, TBCD and TBCE were added after a 10 min delay,
introduced so as to provide an opportunity for potentially
unstable a-tubulin/TBCB intermediates to decay. Consistent
with the experiments shown in Figure 5, analysis of the reaction
products by native PAGE showed that reactions containing the
full complement of TBCs each resulted in the formation of
tubulin heterodimer (Fig. 6, compare lanes 2 and 6), whereas
reactions done with TBCB alone resulted in little or no
TBCB/a-tubulin product in the case of V303G (Fig. 6,
compare lanes 1 and 5). Most importantly, when wild-type reac-
tions containing TBCB were incubated for 10 min prior to the
addition of TBCC, TBCD and TBCE, there was little discern-
ible effect on the yield of de novo assembled heterodimers
(Fig. 6, compare lanes 6 and 7); on the other hand, the yield
of de novo assembled heterodimers in a parallel reaction done
with V303G was dramatically reduced (Fig. 6, compare lanes
3 and 7). It follows that in the case of V303G, the TBCB/
a-tubulin co-complex can form transiently and can contribute
to functional de novo heterodimer assembly, but it cannot
persist as a stable entity. We conclude that the V303G mutation
results in a weakened interaction of CCT-generated IQ inter-
mediates with TBCB such that the formation of a stable
TBCB/a-tubulin co-complex is compromised.

Effect of TUBA1A mutations on heterodimer stability
in vitro and in vivo

One possible consequence of amino acid substitution mutations
is a change in secondary or tertiary structure that could lead to
instability. We tested this possibility in two ways. First, we ana-
lyzed the susceptibility of the purified mutant proteins to diges-
tion with low levels of the non-specific protease proteinase K as
a measure of their structural integrity (40). At various intervals,
aliquots were withdrawn from the reactions, the proteolytic
activity quenched by addition of phenyl methyl sulfonyl fluor-
ide and the reaction products analyzed by SDS–PAGE. Most
of the mutant proteins were as resistant to proteolytic digestion
as the wild-type control. However, a conspicuous exception was
V303G. In this case, the mutant protein was more extensively
degraded than the wild-type control: �90% of the intact
protein was no longer evident after 15 min of digestion, and
the progressive disappearance of intact protein was
accompanied by the appearance of a discrete degradation
product that migrated at about 35 kDa (Fig. 7A). We conclude
that the V303G mutation leads to a reduction in the structural
integrity of the folded polypeptide. Second, we measured the
stability of the various mutant tubulins in vivo by pulse-chase
experiments using FLAG-tagged constructs to transfect

HEK293 cells. We found that some mutant tubulins (I188L,
I238V, L286F, R402H and S419L) behaved in a manner
similar to the wild-type control. In contrast, two mutations
(P263T and V303G) showed a reduced stability, whereas
L397P and R402C were highly unstable (Fig. 7B). The rapid
decay of R402C is in agreement with the short half-life of IQ

intermediates in the case of this mutation (Fig. 4C), whereas
the extreme instability of L397P is consistent with our obser-
vation that this mutation does not appear competent for assem-
bly into microtubules in vivo (see below).

Expression of disease-associated a-tubulin mutants in vivo

To assess the competence of mutant-bearing heterodimers to
assemble into microtubules in vivo, we generated constructs
designed for their expression by transfection in mammalian
cells. To distinguish the transgene from endogenously
expressed a-tubulins, each mutant construct was engineered
in such a way as to include a FLAG epitope substituted in
place of the encoded C-terminal amino acid (38). In each
case, transfected cells were examined by immunofluorescence
using an anti-FLAG antibody (to detect the expression of the
transgene) and an anti-a-tubulin antibody (to detect the
overall microtubule population). In these experiments, we
found that most of the mutant proteins (I188L, I238V,
P263T, L286F, V303G, R402C, R402H and S419L) were
capable of incorporation into the interphase microtubule

Figure 6. The TUBA1A V303G mutation results in the formation of an
unstable TBCB/a-tubulin co-complex. 35S-labeled urea-denatured wild-type
and V303G mutant tubulins were used in CCT-driven in vitro folding
assays containing ATP and GTP. After 1 h of incubation at 308 to form IQ

intermediates (see text), either TBCB alone was added (lanes marked B)
(included so as to generate the TBCB/a-tubulin co-complex) or TBCB,
TBCC, TBCD and TBCE (lanes marked BCDE) were added (included so as
to generate heterodimers). Lanes marked B∗CDE show the products of parallel
reactions done with TBCB alone and incubated for 10 min prior to the addition
of TBCC, TBCD and TBCE. Note that when TBCB, TBCC, TBCD and TBCE
were added contemporaneously, the yield of heterodimers was similar in reac-
tions done with bV303G and wild-type target proteins. In contrast, when a
10 min delay was introduced between the addition of TBCB and the remaining
TBCs, there was a greatly diminished yield of heterodimers in the case of
V303G. Lanes marked CDE show control reactions done in the absence of
TBCB, showing the requirement for this component for heterodimer for-
mation. Arrows (top to bottom) show the migration positions of the
a-tubulin/CCT binary complex, the TBCB/a-tubulin co-complex and tubulin
heterodimers, respectively.
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network in a manner that was indistinguishable from the wild-
type control (Supplementary Material, Fig. S3). In contrast,
the expression of L397P resulted in a distinctive phenotype
in which the transfected protein appeared as a diffuse signal
throughout the cytoplasm, with little or no detectable incorpor-
ation into microtubules (Supplementary Material, Fig. S4A).
We reasoned that this phenomenon might be influenced by
the placement of the FLAG epitope, as previously described
in the case of R264C (38). To test this notion, we engineered
a set of alternative constructs in which the FLAG tag was
either placed following the C-terminally encoded tyrosine
residue or substituted for the 5, 8 or 11 C-terminal amino
acids of the authentic protein. The 12 C-terminal amino
acids of a-tubulin are not required for incorporation into
HeLa cell microtubules in vivo (42), while the removal of mul-
tiple acidic residues from the C-terminus counterbalances the
acidic charge conferred by the FLAG epitope. We found that,
as with our original FLAG-tagged construct, transfection of
these constructs into HeLa cells all resulted in proteins that
failed to incorporate into microtubules (Supplementary
Material, Fig. S4B). We conclude that the L397P mutant is
most probably compromised in its ability to co-assemble
into microtubules in vivo.

We did several kinds of experiment to examine the effect on
microtubule dynamics of those mutants that were competent for
assembly into microtubules in vivo. First, HeLa cells transfected
with FLAG-tagged constructs were treated with nocodazole to
depolymerize their microtubules. Following depolymerization,
the cells were restored to drug-free medium and the regrowth of
microtubules from the centrosome was monitored at various
times thereafter. We found no significant difference in the
rate of microtubule growth from the centrosome in the case of
I188L, I238V, L286F, V303G, R402C, R402H and S419L com-
pared with a wild-type control (data not shown). However, in
the case of P263T, we noted a distinctive phenotype: between
5 and 20 min of recovery, there was a conspicuous persistence
(relative to the wild-type control) of the diffuse high back-
ground of label that reflects unpolymerized cytosolic tubulin
heterodimers (Fig. 8). This diffuse background signal even-
tually subsided as the cytosol became repopulated with micro-
tubules, but much more slowly compared with the wild-type
control. Similar data (not shown) were obtained in parallel
experiments in COS-7 cells in which microtubule depolymeri-
zation was effected by exposure to cold rather than nocodazole.
These observations could reflect either P263T heterodimer
instability outside the context of the microtubule polymer or a
compromised rate at which mutant heterodimers can assemble
into the microtubule lattice. Second, we examined microtubule
dynamics in vivo via co-transfection of COS-7 cells with
GFP-tagged EB3 and FLAG-tagged wild-type P263T or
V303G TUBA1A, the latter selected as an example of a
mutant form that had a similar stability in vivo and behaved
indistinguishably from the wild-type in our microtubule
regrowth experiments. We found that expression of P263T
(but not V303G) resulted in a significant damping (relative to
the control) of microtubule velocity in a dose-dependent
manner (Fig. 9A and accompanying movies in Supplementary
Material, Figs S5 and S6). These data are consistent with the
delayed cytosolic repopulation of microtubules following noco-
dazole or cold-induced depolymerization in the case of cells
overexpressing P263T. We conclude that the expression of
P263T most likely results in the assembly of heterodimers
that have a deleterious effect on normal microtubule dynamics.

In view of the compromised dynamic behavior conferred on
microtubules in HeLa and COS-7 cells by the expression of
the P263T mutation, we extended our in vivo expression
experiments to include an analysis of the corresponding
effect on microtubule growth in primary cultures of mouse
cortical neurons. In these experiments, we used cells that
had reached the 1 DIV (days in vitro) stage; this corresponds
to stage 2 of neuronal polarization in vitro and is characterized
by the extension of multiple neurites, with a single neurite ulti-
mately becoming the axon. We selected this time window to
assess microtubule growth because this period depends criti-
cally on the proper regulation of microtubule dynamics (43).
As in the case of experiments done in COS-7 cells, we
found a significant damping of microtubule growth rate in
the case of neurons expressing P263T, but not V303G. Sur-
prisingly, however, this decrease in growth rate occurred
only in microtubules in neurites, and not in microtubules in
the soma (Fig. 9B and accompanying movies in Supplemen-
tary Material, Figs S7 and S8). These intriguing data could
reflect either a difference in isotype composition between

Figure 7. Structural instability of heterodimers containing V303G and stab-
ility of TUBA1A mutant proteins in vivo. (A) Wild-type and V303G mutant
TUBA1A sequences were expressed as [35S]methione-labeled proteins in
rabbit reticulocyte lysate, purified and tested for their resistance to proteolysis
by the non-specific protease proteinase K. At increasing time intervals, the
proteolytic reaction was quenched and the reaction products analyzed by
SDS–PAGE. Note the diminished abundance of intact a-tubulin (relative to
the wild-type control) with increasing times of proteinase K digestion in the
case of V303G, and the appearance of a degradation product that migrates
at about 35 kDa. All other disease-associated mutants showed a proteolytic
resistance pattern similar to the wild-type control (data not shown). (B) Rela-
tive stability of wild-type and mutant proteins determined by pulse-chase
experiments in vivo. Bars show the percentage (relative to t ¼ 0) of the radi-
olabel remaining in FLAG immunoprecipitable a-tubulin after a 5 h chase.
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microtubules in these different cell compartments or a
compartment-specific presence of one or more MAPs that
affect microtubule dynamics.

DISCUSSION

The discovery of mutations in genes encoding both a- and
b-tubulin that are associated with neuronal migration disorders
(27) reinforces the importance of proper microtubule function

as a critical condition for normal neuronal migration during
brain development (15). Here we establish the nature of the
defects in a spectrum of neuronal migration disorders caused
by mutations in TUBA1A. In several cases, these defects can
be ascribed to specific interactive events in the de novo
tubulin heterodimer assembly pathway. This pathway is
required for several reasons. First, newly synthesized tubulin
polypeptides are particularly prone to misfolding and aggrega-
tion under the conditions of high protein concentration that
prevail in eukaryotic cells. Second, because neither subunit,

Figure 8. Effect of TUBA1A mutant P263T on microtubule regrowth following nocodazole-induced depolymerization. HeLa cells were transfected with con-
structs engineered for the expression of FLAG-tagged wild-type and P263T mutant forms of TUBA1A. Thirty-six hours post-transfection, the cells were
treated with nocodazole and restored to drug-free medium. At the times indicated in the figure, cells were fixed and examined by immunofluorescence using
a rabbit anti-FLAG antibody (to detect the transgene, shown in red) and a mouse monoclonal anti-a-tubulin antibody (to detect the overall microtubule
network, shown in green). Note the extended persistence of diffuse cytosolic labeling (present in all cases at t ¼ 0 min) during early recovery times in the
case of P263T. Bar ¼ 10 mm.
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Figure 9. Effect of expression of P263T and V303G on microtubule dynamics in COS-7 cells and in cultured cortical neurons. (A and B) Constructs engineered
for the expression of C-terminally FLAG-tagged wild-type, P263T and V303G TUBA1A were co-transfected into either COS-7 cells (A) or electroporated into
E15.5 cultured mouse cortical neurons (B) in combination with a construct driving the expression of EB3-GFP. Two different molar ratios (1:0.5 and 1:2) of
EB3-GFP versus TUBA1A plasmid DNA were used (see Materials and Methods). Representative illustrations are shown of the comet-like labeling of micro-
tubule plus ends by EB3-GFP in a WT TUBA1A and EB3-GFP co-transfected COS-7 cell (A) and a 1DIV cortical neuron (B), together with the quantification of
microtubule plus end velocities for each condition. The area delineated by the white rectangle in (A) is reproduced in colour below, together with corresponding
images from COS-7 cells co-expressing EB3-GFP and either P263T or V303G. Plus ends are color-coded at each fourth frame (i.e. every 4 s). The first frame is
shown in red, the second in green and the third in blue. Note the decrease in plus end velocities upon overexpression of the P263T mutant in COS-7 cells as
illustrated by the closer proximity of color-coded tips in comparison to wild-type (WT) and V303G. Mean velocities of five different COS-7 cells per condition
(n ¼ 5, representing approximately 100 comets in total) or of six to eight different cortical neurons per condition (n ¼ 6–8, representing 43–89 comets in total),
respectively, were averaged to obtain mean of velocities for each condition. A Mann–Whitney non-parametric test showed that the decreased velocities apparent
in COS-7 cells expressing P263T are significant when the EB3-GFP: P263T ratio is 1:2 [P ¼ 0.0317; marked by a single asterisk in (A)], but not significant at a
ratio of 1:0.5, consistent with a quantitative effect of the mutant protein. In contrast, expression of the V303G mutation does not significantly affect microtubule
growth. Similarly, in primary cultured cortical neurons transfected with EB3-GFP:P263T at a ratio of 1:2, a Mann–Whitney non-parametric test revealed that the
decreased microtubule growth velocities are significant in neurites, but not in the soma [P ¼ 0.0093; marked by a double asterisk in (B)]. (C) Imaged explanted
cortical cells, assessed as neurons on the basis of their morphologies, were subsequently fixed and processed for immunofluorescence using antibodies directed
against the FLAG epitope (shown in red), as well as an antibody directed against the neuron-specific bIII-tubulin isotype (shown in blue). Scale bars ¼ 10 mm.

Human Molecular Genetics, 2010, Vol. 19, No. 18 3607

 at IM
B

A
 on M

ay 7, 2014
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


on its own, is stable under physiological conditions (33),
specific molecular machinery has evolved whose function is
to lock the a- and b-tubulin subunits together. Excluding regu-
latory effectors such as Arl2 (44), the pathway involves at
least seven chaperone proteins, the majority of which play
an indispensible role in heterodimer formation (Supplemen-
tary Material, Fig. S1). The essential nature of this pathway
and its many components offers a multitude of opportunities
for genetic changes that could result in compromised hetero-
dimer assembly.

A range of defects in the tubulin folding pathway affect
heterodimer assembly

We found that all of the mutations we analyzed were
expressed with essentially the same overall efficiency in a cell-
free system (Fig. 2A). This result is consistent with the fact
that all are single base substitutions within the exons of the
TUBA1A gene and would therefore not be predicted to affect
the translational machinery. On the other hand, three of the
mutations (V303G, L3497P, R402C) had a significant
impact on the efficiency of tubulin heterodimer formation
(Fig. 2B and C). We identified a number of defects in the
assembly pathway that are likely to contribute to the observed
reduction in heterodimer formation in the case of these
mutants. First, we noted an enhanced yield of the PFD/
a-tubulin complex in cell-free translation reactions done
with R402C (Fig. 2B). PFD functions by presenting newly
synthesized tubulin polypeptides to CCT and by promoting
productive folding in the presence of competing but non-
productive pathways (31). The enhanced level of PFD/
a-tubulin complexes in the case of R402C implies a compro-
mised efficiency with which PFD is able to discharge its target
protein upon docking with CCT. This conclusion is consistent
with the reduced level (compared with wild-type) of CCT/
a-tubulin binary complexes in transcription/translation reac-
tions done with this mutant (Fig. 2B). Second, we found a
reduced efficiency whereby CCT-generated quasi-native (IQ)
intermediates in the case of several mutations (I188L, I238V
and especially L397P and R402C) (Fig. 4), implying a com-
promised ability of these polypeptides to acquire a native
N-site GTP-binding pocket as a result of multiple ATP-
dependent iterations with the chaperonin. Third, in the case
of V303G and L397P, we identified defective interaction of
CCT-generated intermediates with TBCB [one of the tubulin-
specific chaperones that capture CCT-generated a-tubulin
folding intermediates (Supplementary Material, Fig. S1)]
(Figs 5 and 6). Consistent with these observations, transcrip-
tion/translation reactions done with V303G and L397P show

enhanced relative yields of CCT/a-tubulin binary complexes
(Fig. 2B and Supplementary Material, Fig. S2), presumably
reflecting accumulation of chaperonin-bound intermediates
in the absence of efficient capture by TBCB. A summary of
these defects in tubulin heterodimer biogenesis is presented
in Table 1.

Role of TBCB

With the exception of TBCA, all of the chaperone proteins that
capture a- and b-tubulin folding intermediates and assemble
them into functional tubulin heterodimers are essential for
life in higher eukaryotes (45,46). Defective interactions with
these chaperones as a result of mutations in any a- or
b-tubulin isotype might therefore be expected to result in
microtubule phenotypes. The same is true of mutations in
TBCs themselves. In the case of TBCE, for example, deletion
mutations are responsible for a devastating condition known as
HRD (hypoparathyroidism, mental retardation and facial dys-
morphism) (47,48). Although there are no known cases of
inherited mutations in TBCB, the data presented here define
a new class of mutations in TUBA1A, members of which are
characterized by a diminished capacity of CCT-generated IQ

intermediates to stably interact with TBCB (Table 1). The
importance of proper TBCB function in neuronal development
is highlighted by the fact that the modulation of the level of
expression of this protein leads to abnormalities including
axonal length and abnormalities in growth cone microtubules
(49).

Effect of TUBA1A mutations on microtubule behavior
in vivo

Although several a-tubulin isotypes are expressed in the mam-
malian brain, TUBA1A is dominant. The mouse homolog,
Tuba1a, whose amino acid sequence is identical to its
human counterpart, mimics the overall level of a-tubulin
expression during development, rising to a peak during late
embryogenesis, and then decreasing in the first 10–15 days
of post-natal life (50). Expression of this isotype is therefore
likely to be a major contributor to the pool of tubulin hetero-
dimers required for incorporation into microtubules during the
critical period of neuronal migration and differentiation that
determines correct cortical lamination. It follows that any
mutation resulting in a diminished supply of TUBA1A could
impact on the overall abundance of tubulin heterodimers,
with a resulting paucity of microtubules that might compro-
mise proper neuronal migration and differentiation. Indeed,
haploinsufficiency of any tissue-specific tubulin isotype

Table 1. Defective interactions in the tubulin heterodimer assembly pathway resulting from TUBA1A disease-associated mutations

I188La I238Va R264Cb V303Ga L397Pa R402Ca

Defective discharge from PFD ++
Defective production of CCT-bound IQ intermediates + + ++ ++ +++
Defective interaction with TBCB +++ +++ +++

aThis paper.
bFrom Tian et al. (38).

3608 Human Molecular Genetics, 2010, Vol. 19, No. 18

 at IM
B

A
 on M

ay 7, 2014
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/cgi/content/full/ddq276/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq276/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq276/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq276/DC1
http://hmg.oxfordjournals.org/


[such as those expressed exclusively in brain (51), testis (24)
or hematopoietic tissue (25)] might be expected to lead to
disease.

None of the nine disease-associated TUBA1A mutations we
examined resulted in a complete failure to yield tubulin het-
erodimers upon coupled transcription/translation, implying
that heterozygous null mutations in this gene are likely to be
lethal. For those mutations that generated tubulin heterodimers
in significantly reduced yield (V303G, L397P and R402C,
Fig. 2), tubulin deficit may be considered as a likely contribut-
ing factor to the disease phenotype. Two of these mutant pro-
teins (V303G and R402C) as well as those that gave a
relatively uncompromised yield of heterodimers upon tran-
scription/translation (I188L, I238V, P263T, L286F, R402H,
S419L; Fig. 2) were capable of efficient incorporation into
microtubules in vivo (Supplementary Material, Fig. S3). In
contrast, the expression of FLAG-tagged L397P failed to
result in incorporation of the mutant protein into microtubules
(Supplementary Material, Fig. S4A). We considered the possi-
bility that the addition of the C-terminal FLAG tag to the
L397P mutant protein (required in order to distinguish
mutant proteins from endogenously expressed a-tubulin iso-
types in transfection experiments) might have compromised
its functionality. However, changing the location of the tag
had little or no effect on the observed phenotype (Supplemen-
tary Material, Fig. S4). One possibility is that the failure of
heterodimers carrying the L397P mutation to incorporate
into microtubules in vivo is a result of a compromised inter-
action with one or more of the many microtubule tip interact-
ing proteins (+TIPS) that influence microtubule dynamics by
modulating the efficiency of incorporation of heterodimers at
microtubule plus ends (26). This explanation is particularly
attractive in light of the fact that the L397P mutation had no
detectable effect on the ability of mutant-containing heterodi-
mers to co-cycle with native brain microtubules in vitro
(Fig. 3). On the other hand, functional compromise of the
L397P mutation in vivo as a result of addition of the FLAG
tag cannot be formally ruled out.

Pulse chase experiments done with the various
disease-associated mutations in vivo showed that several
(P263T, V303G, R402C and L397P in particular) are signifi-
cantly less stable than wild-type TUBA1A (Fig. 7B). Contri-
buting factors could include instability of the assembled
heterodimer as well as instability of intermediate complexes
(including, but not limited to, the PFD/a-tubulin, CCT/
a-tubulin and TBCB/a-tubulin co-complexes) that precede
the heterodimer in the assembly pathway. The increased vul-
nerability of these mutants to degradation in vivo could be a
contributing factor to the disease phenotype.

For those mutations that were assembly competent in vivo,
with the exception of the P263T mutation, we found no clear
evidence of any effect on the growth rate of microtubules from
the centrosome following either nocodazole or cold-induced
depolymerization. In the case of P263T, however, we observed
an abnormal phenotype consisting of a persistent diffuse cyto-
solic signal that eventually subsided (though much more
slowly compared with the wild-type control) as the cytoplasm
became repopulated with microtubules (Fig. 8). This diffuse
signal is indistinguishable from that seen in cells expressing
the wild-type protein that have been exposed to the drug and

is presumably ascribable to unpolymerized heterodimers.
The altered kinetics of microtubule regrowth in the case of
P263T is consistent with our observation of damped microtu-
bule velocity in experiments in which we measured microtu-
bule growth in COS-7 cells transfected with the P263T
mutant in vivo (Fig. 9A and accompanying movies, Sup-
plementary Material, Figs S5 and S6). The damping effect
of P263T expression on microtubule growth rate was also
evident in dissociated neuronal cells in culture, although
only in the case of microtubules in neurites and not in micro-
tubules in the cell body (Fig. 9B and accompanying movies,
Supplementary Material, Figs S7 and S8). This remarkable
finding could reflect a difference in microtubule isotype com-
position in these two cellular compartments that influences
microtubule growth rate. Alternatively, the damping effect
of P263T in neurites could be attributable to the compartment-
specific expression of a MAP [such as a member of the Dis1/
XMAP215 family (52,53)] that stimulates microtubule growth
rate. In either event, our data support the view that the
expression of P263T mutant-containing heterodimers results
in kinetically constrained assembly into the microtubule
polymer. This could reflect a dominant-negative effect of
this mutation.

For those mutations (I188L, I238V, L286F, R402H, S419L)
for which we found either no obvious effect on de novo hetero-
dimer assembly or microtubule dynamics, the disease pheno-
type is likely to be caused by an effect on one or more
microtubule-dependent processes such as binding of associ-
ated proteins, including microtubule motors, that are critical
during cortical development. Indeed, a precedent for such a
mechanism exists in the recent description of a newly discov-
ered class of mutations in the b-tubulin-encoding gene TUBB3
(30). These mutations result in the ocular motility disorder
CFEOM3, in some cases together with intellectual and behav-
ioral impairments or other neurological deficits. We note that
residue S419 in a-tubulin resides in helix H12 and that this
region has recently been shown to contain amino acids that
are crucial for kinesin motility (54). The S419L mutation is
therefore a plausible candidate for compromised interaction
with kinesin.

Disease-causing mutations in tubulin genes: implications
for the multitubulin hypothesis

Since the original discovery that in vertebrates, a- and
b-tubulins are each encoded by a multigene family (55), it
has been speculated that the various isotypes contribute to sig-
nificant functional differences among different populations of
microtubules. This notion has been termed the ‘multitubulin
hypothesis’ (56,57). Evidence relating to the validity of this
hypothesis has been equivocal. On the one hand, in cultured
cells, microtubules are assembled as co-polymers of whatever
isotypes are expressed (58). Indeed, the engineered expression
of tissue-specific tubulins (e.g. brain, testis or hematopoietic
specific a- or b-tubulin isotypes) in cultured cells leads to
their free intermingling with those tubulins that are expressed
endogenously (59,60). These observations are puzzling in light
of the universal interspecies conservation of amino acid
sequences (located almost exclusively within the acidic
C-termini) that distinguish the various tubulin isotypes in
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vertebrate species. On the other hand, genetic experiments in
Drosophila suggest that the architecture and organization of
microtubules can be influenced by isotype composition via
interactions with extrinsic proteins (61,62). Moreover, in
humans, disease-causing mutations in genes encoding individ-
ual tubulin isotypes [TUBA1A (27,33), TUBA8 (63), TUBB2B
(15), TUBB3 (30)] result in different phenotypes, some invol-
ving defects in neuronal migration (TUBA1A, TUBA8,
TUBB2B) and others not (TUBB3). Taken together, these
latter observations argue in favor of variations in tubulin
isotype composition conferring subtle differences on dynamics
and other microtubule properties that are required for critical
events in the context of the developing brain.

MATERIALS AND METHODS

Computational methods

Computer-generated visualization of the placement of the
mutations under study on the surface of the a-tubulin polypep-
tide (RCSB PDB code: 1TUB) was rendered using PyMOL
(http://www.pymol.org).

Cloning and in vitro translation

A construct containing a full-length cDNA encoding TUBA1A
(38) was cloned into the pET23 (Novagen Inc.) and pcDNA
3.1+ (Invitrogen, Carlsbad, CA, USA) vectors. Mutations cor-
responding to I188L, I238V, P263T, L286F, V303G, L397P,
R402C, R402H and S419L were introduced into these con-
structs by site-directed mutagenesis using a QuikChange II
kit (Stratagene, La Jolla, CA, USA). A tag encoding the
FLAG epitope (DYKDDDDK) was incorporated into the
TUBA1A wild-type and mutant sequences such that it substi-
tuted for the C-terminal tyrosine residue. In the case of
L397P, additional FLAG-tagged constructs were generated
in which the epitope was positioned such that it substituted
for the 5, 8 or 11 C-terminal residues of TUBA1A. All con-
structs were checked by DNA sequencing. Transcription/trans-
lation reactions in rabbit reticulocyte lysate (TNT; Promega,
Madison, WI, USA) were done in the presence of [35S]meth-
ionine as described previously (38). Tubulin heterodimers
35S-labeled in their a-subunit were generated and purified as
described (33). Labeled reaction products were resolved by
either SDS–PAGE or on 4.5% native polyacrylamide gels as
described previously (64).

Microtubule co-polymerization experiments

Products of in vitro translation reactions were mixed with
depolymerized bovine brain microtubules and taken through
successive cycles of polymerization and depolymerization as
described (33). At the end of each of these cycles, aliquots
containing equal amounts of depolymerized material were
removed and analyzed by SDS–PAGE.

In vitro folding reactions

In vitro folding assays were done in folding buffer containing
CCT, ATP, GTP and tubulin chaperones (TBCB, TBCC,

TBCD, TBCE) as described previously (65). Target proteins
(i.e. wild-type or mutant TUBA1A tubulins) were expressed
as either unlabeled or 35S-labeled proteins in E. coli and the
inclusion bodies purified and unfolded in 8 M urea as described
(32). Experiments to determine the efficiency of formation of
quasi-native folding intermediates (40) were done as described
previously (38). In all cases, reaction products were analyzed
by electrophoresis on native polyacrylamide gels as described
(66). Back reactions (see text) were done by incubating puri-
fied wild-type or mutant tubulin heterodimers
[35S]methionine-labeled by in vitro transcription/translation
in their a-subunit with a 2-fold molar excess of TBCD [so
as to disrupt the heterodimer (44,64) for 30 min at 308C as
described (33)] and a 10-fold stoichiometric excess of TBCB
[included in order to capture the released a-subunit as a
TBCB/a-tubulin co-complex (33)].

Determination of assembly competence in vivo and
measurement of microtubule regrowth following
nocodazole or cold-induced depolymerization

FLAG-tagged constructs were transfected into HeLa cells and
processed for immunofluoresence using anti-FLAG and
anti-b-tubulin antibodies as described previously (38). To
monitor microtubule growth following induced depolymeriza-
tion, cells were either treated with nocodazole and allowed to
recover as described (38) or incubated on ice for 30 min before
restoring to 378C. In either case, microtubule regrowth from
the centrosome was monitored at various intervals following
fixation with paraformaldehyde. Images were captured using
a Zeiss Axiophot epifluorescence microscope.

Measurement of microtubule dynamics in vivo

Transfection of COS-7 cells. COS-7 cells seeded in
micro-dishes designed for live imaging (m-Dish 35 mm;
Ibidi, München, Germany) were co-transfected using Nanofec-
tin (PAA Laboratories, Pasching, Austria) with a combination
of EB3-GFP (generously provided by F. Niedergang, Institut
Cochin, Paris, France) and a pRK5 vector containing either
wild-type or mutant sequences encoding TUBA1A. Transfec-
tions were done using two different amounts of TUBA1A
plasmid DNA, with a constant amount of EB3-GFP DNA
such that the ratio of EB3-GFP:TUBA1A was either 1:0.5 or
1:2.0. Transfected cells were cultured for 24 h prior to
imaging.

Preparation and electroporation of primary cultures of corti-
cal neurons. E15.5 embryos from pregnant OF1 mice were
used for the preparation of dissociated cortical cell cultures.
Brains were dissected, cortices were isolated from the
ventral telencephalon and the tissue was mechanically disso-
ciated following incubation at 378C for 10 min in HBSS sup-
plemented with 20 mM HEPES and 0.25% trypsin. Dissociated
cells were resuspended in DMEM with 10% FBS. A total of
5 × 106 cells were electroporated with a combination of
EB3-GFP and pRK5 vectors (the latter containing sequences
encoding either wild-type or mutant TUBA1A) at a ratio of
1:2, using the Amaxa Nucleofector Technology and
Mouse Neuron Nucleofector kit (Lonza, Basel, Switzerland)
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following the guidelines supplied by the manufacturer, and
further seeded on Ibidi micro-dishes with grids allowing the
subsequent relocation of imaged cells.

Live cell imaging and analysis. Prior to imaging, cells were
transferred to video medium (COS-7 cells: DMEM without
phenol red containing 10% FBS, 10 mM HEPES; neuronal
cells: DMEM: F12 without phenol red supplemented with
0.3% glucose, 1× N2, 1× B27 and 1 mM pyruvic acid).
Cells were allowed to adapt to the new medium in ambient
air for at least 30 min at 378C. Image acquisition was done
using a thermostated spinning disk confocal microscope
equipped with a piezo electric z controller. The acquisition
sequence was 2 min long, with scans performed every 1 s.
Scans were performed at 3 z positions (spaced by 0.2 mm) at
every time point. Stacks were built using Metamorph v7.5
(Molecular Devices, Silicon Valey, CA, USA) and analyzed
using the ImageJ plugin ‘Manual Tracking’ developed by
Fabrice P. Cordelières (Institut Curie, Paris, France). About
20 comets were tracked in each of five different cells for
each condition (n ¼ 5). Instant velocities of comets were
measured between each time point and further averaged over
their time courses.

Statistical analyses. Statistical analyses were performed using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
The efficiency of co-transfection in imaged cells was verified
following confocal data acquisition by immunofluorescence
using an anti-FLAG (rabbit polyclonal; Sigma-Aldrich Inc.,
St Louis, MO, USA) and either an anti-a-tubulin (mouse
monoclonal DM1A; Sigma-Aldrich Inc., St Louis, MO,
USA) antibody or an anti-bIII-tubulin (Tuj1) (mouse mono-
clonal Tuj1; Covance, Princeton, NJ, USA) antibody. The pro-
portion of EB3-GFP and TUBA1A-FLAG co-transfected cells
was assessed and estimated to be �95%.

Stability measurements in vitro and in vivo

For the measurement of sensitivity to proteolysis in vitro,
tubulin heterodimers containing [35S]methionine-labeled wild-
type or mutant TUBA1A sequences were generated by in vitro
transcription/translation and purified as described (33). The
reaction products were subjected to digestion with proteinase
K and analyzed by SDS–PAGE as described previously
(64). Determination of the stability of wild-type and mutant
proteins in vivo was done following transfection of FLAG-
tagged constructs into HEK293 cells. Twenty-eight hours
post-transfection, the cells were labeled for 1.5 h with
[35S]methionine, chased by growth in unlabelled medium
and FLAG-tagged material immunoprecipitated from a cyto-
solic extract with a rabbit anti-FLAG antibody (Santa Cruz
Biologicals, Inc.) at t ¼ 0 and t ¼ 5 h as described (67). Immu-
noprecipitated material was resolved by SDS–PAGE and the
level of FLAG-tagged proteins was determined using a phos-
phorimager.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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