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ABSTRACT A multigene family produces tubulin isotypes that are expressed in a tissue-spe-
cific manner, but the role of these isotypes in microtubule assembly and function is unclear. 
Recently we showed that overexpression or depletion of β5-tubulin, a minor isotype with 
wide tissue distribution, inhibits cell division. We now report that elevated β5-tubulin causes 
uninterrupted episodes of microtubule shortening and increased shortening rates. Converse-
ly, depletion of β5-tubulin reduces shortening rates and causes very short excursions of 
growth and shortening. A tubulin conformation-sensitive antibody indicated that the uninter-
rupted shortening can be explained by a relative absence of stabilized patches along the 
microtubules that contain tubulin in an assembly-competent conformation and normally act 
to restore microtubule growth. In addition to these changes in dynamic instability, overex-
pression of β5-tubulin causes fragmentation that results from microtubule detachment from 
centrosomes, and it is this activity that best explains the effects of β5 on cell division. Pacli-
taxel inhibits microtubule detachment, increases the number of assembly-competent tubulin 
patches, and inhibits microtubule shortening, thus providing an explanation for why the drug 
can counteract the phenotypic effects of β5 overexpression. On the basis of these observa-
tions, we propose that cells can use β5-tubulin expression to adjust the behavior of the 
microtubule cytoskeleton.

INTRODUCTION
Microtubules are essential cytoskeletal organelles involved in vesicle 
transport, cell motility, chromosome segregation, and cell division. 
They are composed of αβ-tubulin heterodimers that assemble into 
linear protofilaments that associate laterally to form hollow tubes 
∼25 nm in diameter. Vertebrate genomes have been shown to en-
code six to seven isotypes of both α- and β-tubulin, some of which 
are expressed ubiquitously, whereas others are expressed in a tis-
sue-specific manner (Luduena, 1998; Sullivan, 1988). The α-tubulin 
proteins are highly conserved and differ by only a few residues; but 
the β-tubulins differ significantly in their C-terminal fifteen residues 

and, to a lesser extent, in other regions of the protein as well. Based 
on their C-terminal sequences, β-tubulin isotypes can be assigned 
to seven distinct classes named β1, β2, β3, β4a, β4b, β5, and β6 
(Lopata and Cleveland, 1987). Most cells express a subset of these 
isotypes, but it is unclear whether the different isotypes are function-
ally interchangeable or whether they impart unique properties onto 
the microtubules into which they assemble. One hypothesis, origi-
nally formulated by Fulton and Simpson (1976), posits that different 
tubulin isotypes subserve different functions. However, immuno-
staining studies using isotype-specific antibodies indicated that in-
terphase, spindle, and flagellar microtubules incorporated all of the 
isotypes that were present in the cell (Lewis et al., 1987; Lopata and 
Cleveland, 1987; Sawada and Cabral, 1989). Thus there was no 
functional segregation of isotypes into discreet subcellular struc-
tures. Additional studies indicated that this also held true for trans-
fected isotypes that were not normally produced by the cell (Bond 
et al., 1986; Joshi et al., 1987; Lewis et al., 1987). It would thus ap-
pear that tubulin isotypes are used interchangeably to form cellular 
microtubules, but these studies left open the possibility that incor-
porating different isotypes might alter the properties of the 
microtubules.
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In vitro studies using purified β-tubulin isotypes indicated the 
existence of differences in drug binding and assembly (Banerjee 
and Luduena, 1992; Lu and Luduena, 1994; Panda et al., 1994), but 
the question of whether similar changes can be seen in living cells 
has been more difficult to address. In Aspergillus nidulans, a 
β-tubulin specifically expressed during conidiation was able to sub-
stitute for the isoform normally used during hyphal growth (May, 
1989). Similarly, in transgenic mice, there were no effects on cardiac 
function when the predominant β4b isotype was replaced with β1 
(Takahashi et al., 2003). On the other hand, other genetic studies 
support the notion of functional discrimination among tubulin iso-
types. For example, studies in Drosophila indicated the presence of 
a specific germ line tubulin isotype required for the assembly of 
sperm flagella axonemes (Hoyle and Raff, 1990). Specific tubulin 
isotypes have also been reported to be necessary for the formation 
of the 15 protofilament microtubules in touch receptor cells of 
Caenorhabditis elegans (Savage et al., 1989). In mammals, func-
tional specificity of tubulin isotypes has been found in mice where it 
was reported that knocking out the hematopoietic β6-tubulin iso-
type led to altered platelet morphology and clotting times (Schwer 
et al., 2001). The picture that emerges from these studies is that dif-
ferent tubulins are all able to coassemble, and in doing so they may, 
or may not, alter the properties and functions of the microtubules 
that they form.

Recently we set out to resolve functional 
differences among β-tubulins by transfect-
ing CHO cells to express each mammalian 
isotype under the control of a tetracycline-
regulated promoter and then testing the 
cells for effects on growth, microtubule as-
sembly, and drug sensitivity. Using this ap-
proach, we found that overexpressing β5-
tubulin, a minor ubiquitously expressed 
isotype, resulted in disruption of the micro-
tubule cytoskeleton, defects in cell division, 
and resistance to paclitaxel, a drug that is 
known to promote microtubule assembly 
(Bhattacharya and Cabral, 2004). Moreover, 
cells with high β5 expression were not only 
resistant to the drug, but they required its 
presence for cell division. Surprisingly, when 
cells were depleted of β5, they again expe-
rienced problems in mitosis, indicating that 
this isotype is needed in small amounts for 
cell division but is toxic at higher levels 
(Bhattacharya et al., 2008). In an effort to un-
derstand how increasing or depleting β5 is 
able to interfere with microtubule function, 
we used live cell imaging to examine the ef-
fects of β5 overexpression or depletion on 
microtubule behavior. We report that β5 in-
creases the rate and extent of microtubule 
shortening and that this action is reversed 
by the presence of paclitaxel. The extended 
shortening phases caused by β5 incorpora-
tion appear to be mediated by a large re-
duction in the number of stabilized microtu-
bule patches called “GTP remnants” that 
normally interrupt the process of depo-
lymerization. In addition, excessive β5 incor-
poration causes the production of microtu-
bule fragments that are generated by 

enhanced detachment of microtubules from centrosomes. This lat-
ter activity is also reversed by paclitaxel and appears to best explain 
the reduced microtubule content and problems in cell division ex-
hibited by β5 overexpressing cells.

RESULTS
HAβ5-tubulin incorporation alters microtubule stability
Immunofluorescence was used to examine microtubule organiza-
tion in cells that overexpressed or were depleted of β5-tubulin. 
HAβ5c8, a cell line in which transfected HAβ5-tubulin makes up 
∼50% of the total tubulin content (Bhattacharya and Cabral, 2004), 
exhibited a highly disrupted microtubule cytoskeleton that con-
tained numerous short (arrowheads, Figure 1A) and long (arrows, 
Figure 1A) microtubule fragments. In addition, the cells were larger 
than normal and had enlarged and/or fragmented nuclei, features 
that are typical of cells that have failed to properly segregate chro-
mosomes or undergo cell division (Abraham et al., 1983; Cabral and 
Barlow, 1991; Kung et al., 1990). CHO cells expressing short hairpin 
RNA (shRNA) to reduce the endogenous β5-tubulin, on the other 
hand, had abundant normal-looking microtubules but again experi-
enced mitotic defects as indicated by their large size and abnormal 
nuclei (Figure 1B). The results indicated that excessive incorporation 
of β5 caused disruption of the cellular microtubules and led to 

FIguRE 1: Changes in β5-tubulin expression alter microtubule stability and inhibit cell division. 
(A) HAβ5c8 cells (green) were grown 2 d without tetracycline to allow HAβ5-tubulin 
overexpression and were subsequently fixed and stained with DAPI to label the DNA (blue) as 
well as antibodies to the HA tag (green) and to endogenous α-tubulin (red). Untransfected CHO 
cells (red) were coplated as a control. Note that the HAβ5-tubulin–overexpressing cells appear 
green because the HA tag antibody interferes with the binding of the α-tubulin antibody. Some 
of the abundant long (arrows) and short (arrowheads) microtubule fragments found in the 
transfected cells are indicated. (B) CHO cells were transfected with β5-specific shRNA and 
allowed to grow for 4 d to deplete the endogenous protein. The fixed cells were stained with 
DAPI (blue), β5-specific antibody (green), and α-tubulin antibody (red). The β5-depleted cells 
appear red as they only stain with the α-tubulin antibody. Untransfected cells expressing β5 
appear as yellow or orange. (C) HAβ5c8 cells were grown with (lanes 1 and 3) or without (lanes 2 
and 4) tetracycline to induce HAβ5-tubulin expression. Proteins were separated on SDS gels, 
and the Western blots were stained with antibody 18D6 that recognizes all isoforms of β-tubulin 
(lanes 1 and 2) or antibody 611B1 specific for acetylated α-tubulin (lanes 3 and 4). (D) CHO cells 
transfected with empty vector (lanes 1 and 3) or β5 shRNA (lanes 2 and 4) were grown 7 d in 
hygromycin to remove untransfected cells, and the Western blots were stained with antibodies 
specific for β5-tubulin (lanes 1 and 2) or acetylated α-tubulin (lanes 3 and 4). An antibody to actin 
was included to act as a gel-loading control in (C) and (D). Bands were quantified by 
fluorescence emission as described in Materials and Methods, and the relative levels of α-tubulin 
acetylation (Ac-α divided by actin and normalized to the value for lane 3 set at 1) are indicated 
below lanes 3 and 4 in (C) and (D). Scale bar, 10 μm.
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β5-depleted cells also appeared to be normal (Supplemental 
Figure S1B).

The experiments depicted in Supplemental Figure S1 monitored 
microtubule formation under conditions in which the cells were first 
perturbed to depolymerize existing microtubules, thereby increas-
ing the free tubulin content that could drive microtubule regrowth 
and potentially mask β5-tubulin effects. To assess whether there are 
differences in nucleation under nonperturbed steady-state condi-
tions, cells were transfected with a plasmid encoding EB1-GFP, a 
protein that binds to the tips of growing microtubules (Akhmanova 
and Steinmetz, 2008). The cells were then viewed by time-lapse 
fluorescence microscopy and the numbers of EB1 “comets” emerg-
ing from the centrosomes were counted in control, HAβ5-
overexpressing, and β5-depleted cells (Figure 2). Again, there were 
no significant differences among the three cell types. We thus con-
clude that the incorporation of β5 into microtubules does not 
significantly affect their nucleation rates.

Microtubule shortening is stimulated by HAβ5-tubulin 
overexpression
Because microtubule nucleation appeared to be unaffected by β5-
tubulin, we turned our attention to the effects of this isotype on 
microtubule dynamics. Microtubule plus ends grow out from the 
centrosome toward the plasma membrane and are known to tran-
sition between periods of growth and shortening interspersed 
with periods of pause in which there is no change in length, a be-
havior called dynamic instability (Mitchison and Kirschner, 1984). 
According to the currently accepted model for this behavior, a mi-
crotubule can elongate as long as GTP is bound to β-tubulin at the 
plus end to form a “GTP cap.” Hydrolysis of the GTP to GDP 
causes a conformational change that results in microtubule “catas-
trophe,” that is, a transition from growth or pause to a shortening 
phase. Reestablishment of the GTP cap results in “rescue,” a tran-
sition from shortening to a pause or growth phase. Thus microtu-
bules at steady state exhibit stochastic episodes of growth and 
shortening that can be defined by a series of measurable param-
eters (Jordan and Wilson, 1998). To test the effect of β5 expression 
on these parameters, we transfected cells with EGFP-MAP4 to 
fluorescently label the microtubules (Olson et al., 1995) and 
directly observed changes in microtubule length by time-lapse 

decreased levels of polymerized tubulin but that some low level of 
β5-tubulin was necessary for normal microtubule function during 
mitosis.

To more quantitatively determine the relative stability of the mi-
crotubules in these cells, we measured the amount of acetylated 
tubulin in cell lysates. Acetylation is a posttranslational modification 
of α-tubulin that occurs preferentially on microtubules rather than 
soluble tubulin (Maruta et al., 1986). The modification increases with 
time and thereby acts as a measure of a microtubule’s age before it 
undergoes depolymerization. HAβ5c8, which expresses HAβ5-
tubulin in the absence but not in the presence of tetracycline 
(Figure 1C, lanes 1 and 2), exhibited a threefold reduction in acety-
lated α-tubulin when the cells were grown overnight without tetra-
cycline (Figure 1C, lanes 3 and 4). Because there were very few mi-
crotubules in HAβ5-overexpressing cells and because only 
polymerized tubulin is acetylated, we also compared the relative 
amount of acetylated tubulin in microtubule preparations instead of 
whole cell lysates and again found a threefold reduction in HAβ5-
overexpressing cells (data not shown). In contrast to the results ob-
tained with β5 overexpression, CHO cells that were transfected with 
shRNA had an 80–90% reduction in endogenous β5 compared with 
vector-transfected control cells (Figure 1D, lanes 1 and 2), and the 
level of acetylated α-tubulin increased ∼2.5-fold as a result of the β5 
depletion (Figure 1D, lanes 3 and 4). This value is consistent with 
immunofluorescence experiments that also indicate increased tubu-
lin acetylation when β5 is depleted (Bhattacharya et al., 2008). We 
concluded from these experiments that the longevity of microtu-
bules is significantly affected by the level of β5-tubulin.

HAβ5-tubulin overexpression does not alter 
microtubule nucleation
In an effort to explain the reduced number of microtubules in HAβ5-
overexpressing cells, we tested the possibility that microtubule nu-
cleation might be affected. A 50:50 mixture of wild-type and HAβ5-
overexpressing cells was plated and treated with 150 ng/ml colcemid 
for 2 h to disrupt the existing microtubule network; microtubule re-
growth was then monitored by fixing the cells and staining them 
with anti-tubulin and anti-HA antibodies at various times after wash-
ing out the drug. We found that wild-type and HAβ5-expressing 
cells exhibited a similar time course for microtubule regrowth 
(Supplemental Figure S1A). In both cases, 
there was an initial lag of ∼10 min before 
readily visible microtubule growth was ap-
parent, and return of the microtubule cy-
toskeleton required ∼30 min.

We also tested the effect of reducing β5 
on microtubule nucleation. To deplete en-
dogenous β5, CHO cells were transfected 
with a pmCherryH2B-cβ5 plasmid (see 
Materials and Methods) that expresses both 
mCherry-H2B, to act as a marker for trans-
fected cells, and the shRNA that targets 
CHO β5-tubulin. We knew from past experi-
ence that tubulin is a very stable protein and 
that cells require considerable time before 
they are depleted of β5 and begin to stop 
dividing (Bhattacharya et al., 2008). We 
therefore performed measurements 4 d af-
ter transfection and identified β5-depleted 
cells as those that were larger than normal 
and had large red nuclei. The time course 
for renucleation of microtubules in 

FIguRE 2: β5-Tubulin does not affect microtubule nucleation. Cells were transfected with 
EB1-GFP, and live cell images were captured at 5-s intervals. (A) Four consecutive images around 
the centrosome are shown for wild-type CHO cells, HAβ5ptx cells deprived of paclitaxel 16 h, 
and wild-type CHO cells 4 d after transfection with β5shRNA. The images were inverted to 
improve contrast. (B) Relative nucleation rates were quantified by drawing two concentric rings 
(3.5 and 7.5 μm diameter) around the centrosome in a series of images and counting the number 
of EB1 comets passing through the annulus per cell per min. Scale bar, 2 μm.
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havior (Figure 3B). Unexpectedly, overexpression of HAβ5-tubulin 
also suppressed overall dynamic instability; but following these vari-
able periods of relatively static behavior, many of the microtubules 
were seen to undergo sudden rapid and largely uninterrupted short-
ening events that frequently led to their complete depolymerization 
(Figure 3C). During the 5-min periods that the cells were under ob-
servation, ∼60–70% of the cellular microtubules were seen to un-
dergo these long uninterrupted depolymerization phases. Addition 
of paclitaxel to HAβ5ptx cells at a concentration that allowed normal 
cell division did not restore microtubule dynamics to a “wild-type” 
condition; rather, the dynamics remained relatively static, but the 
long uninterrupted shortening events no longer occurred 
(Figure 3D).

The parameters that describe dynamic instability were consis-
tent with these gross observations (Supplemental Table S1). Be-
cause cells that overexpress or are depleted of β5 become large 
and multinucleated, we had concerns that wild-type cells might not 
provide the best control for comparisons. We therefore also mea-
sured dynamic instability in the small percentage of large multinu-
cleated cells that occur naturally in CHO cultures despite their hav-
ing normal β5-tubulin immunofluorescence. The results showed 
that microtubules in these cells behaved similarly to microtubules in 
diploid wild-type CHO cells except for small possible decreases in 
the growth and shortening rates (Figure 3F and Supplemental Table 
S1). We show a graphic comparison of the critical parameters that 
describe microtubule dynamic instability for HAβ5ptx and multinu-
cleated cells in Figure 4. Consistent with the time-lapse observa-
tions, microtubules in the HAβ5-expressing cells had a lower fre-
quency of catastrophe and rescue, and they spent more time in a 
paused state, leading to an overall lower dynamicity. The microtu-
bules exhibited a near normal rate of growth; but significantly, they 
had an approximately twofold increase in their rate of shortening. 
To be certain that these changes were not restricted to the HAβ5ptx 
cells, we collected more limited data using HAβ5c8 by removing 
tetracycline for 2 d and obtained very similar results (data not 
shown).

Addition of paclitaxel to the HAβ5-overexpressing cells potently 
reversed the parameters (shortening rate, catastrophe frequency, 

microscopy. Previous studies have shown that overexpression or 
depletion of MAP4 has no observable effect on microtubule as-
sembly, paclitaxel resistance, or cell survival (Barlow et al., 1994; 
Wang et al., 1996). More recently we showed that microtubule 
dynamics measured using EGFP-MAP4 agrees with data obtained 
using fluorescent tubulin microinjection in wild-type CHO cells 
(Kamath et al., 2005; Ganguly et al., 2010; Yang et al., 2010). Thus 
it is unlikely that EGFP-MAP4 significantly alters microtubule 
dynamics in transfected cells.

As we previously reported, cells that express high levels of HAβ5 
are paclitaxel-dependent (Bhattacharya and Cabral, 2004). For mea-
suring microtubule dynamics, we therefore used HAβ5c8 cells that 
were maintained in paclitaxel (HAβ5ptx). These cells, like HAβ5c8, 
contain ∼50% of their total β-tubulin as HAβ5. HAβ5ptx grows nor-
mally and has a normal microtubule cytoskeleton in the presence of 
100 nM paclitaxel; but when maintained at lower drug concentra-
tions, the cells cease to divide and exhibit a disrupted microtubule 
cytoskeleton similar to HAβ5c8 cells (Supplemental Figure S2). The 
advantage of using HAβ5ptx is that the effects of HAβ5 overexpres-
sion can be assessed rapidly by paclitaxel removal, whereas HAβ5c8 
requires more than 24 h of induction before HAβ5-tubulin reaches 
steady-state levels.

Life history plots showing time-dependent changes in microtu-
bule length for wild-type and HAβ5ptx cells incubated with and 
without paclitaxel are shown in Figure 3, A–D. Wild-type microtu-
bules exhibited dynamic instability behavior characterized by fre-
quent excursions of growth and shortening (Figure 3A). As previ-
ously reported by us and others (Jordan et al., 1993; Ganguly et al., 
2010), addition of paclitaxel suppressed the dynamic instability be-

FIguRE 3: Microtubule life history plots. Wild-type CHO cells (A), 
HAβ5ptx cells deprived of paclitaxel 16 h (C), and WT cells 4 d after 
transfection with β5shRNA (E) were transfected with EGFP-MAP4 and 
viewed by time-lapse fluorescence microscopy. Microtubule lengths 
were measured from an arbitrary reference point in successive images 
taken 5 s apart and plotted vs. time. Each line represents a separate 
microtubule. Measurements were also carried out on wild-type and 
HAβ5ptx cell lines treated with 100 nM paclitaxel (B and D) and on the 
small fraction (<5%) of large multinucleated cells that are typically 
found in wild-type CHO cell populations (F).

FIguRE 4: Effects of β5-tubulin on microtubule dynamics. Values 
describing several of the parameters of dynamic instability are plotted 
relative to multinucleated cells in a wild-type CHO population set at 
100% (dotted horizontal line). HAβ5-overexpressing cells grown with 
increasing concentrations of paclitaxel (Ptx) and wild-type CHO cells 
depleted of β5 (β5 shRNA) are compared. The full set of numbers can 
be found in Supplemental Table S1.
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unknown mechanism (Jordan and Wilson, 2004). Taken together, 
the results suggest that dynamic instability is not the main driver for 
microtubule assembly; rather, it may act only as a modulator of mi-
crotubule behavior.

β5-Tubulin reduces the abundance of gTP remnants 
in microtubules
Microtubules elongate by the addition of αβ-tubulin heterodimers 
that contain GTP on both subunits. As the microtubules form, slow 
hydrolysis of GTP on the β-subunit is stimulated, causing most of the 
assembled tubulin to be in a GDP-bound state but leaving a cap of 
GTP-bound β-subunits at the growing tip of the microtubule 
(Mitchison and Kirschner, 1987). Recently an antibody was described 
that specifically recognizes the GTP-bound conformation of tubulin. 
The antibody was shown to stain growing microtubule ends where 
the GTP cap is expected to reside; but, surprisingly, additional 
patches representing “GTP remnants” were also found along the 
microtubule surface (Dimitrov et al., 2008). The authors suggested 
that these GTP remnants might be responsible for the rescue events 
that stop depolymerization and allow microtubules to resume 
growth. To test whether β5 incorporation affected these GTP rem-
nants, we stained HAβ5-overexpressing and β5-depleted cells with 
the antibody. As shown in Figure 5A, wild-type CHO microtubules 
had occasional staining representing GTP remnants (red fluores-
cence) along their surface. In contrast, the microtubules in HAβ5-
overexpressing cells grown without paclitaxel were almost devoid of 
GTP remnants, an observation that may explain why these microtu-
bules exhibited long uninterrupted depolymerization phases in live 
cell imaging experiments (see Figure 3). Consistent with this inter-
pretation, treating these cells with paclitaxel or depleting β5 from 
wild-type cells, treatments that essentially eliminate long depo-
lymerization events, greatly increased the number of GTP remnants 
(Figure 5, A and B). It thus appears that β5-tubulin plays a significant 
role in determining the existence of GTP remnants.

and rescue frequency) that were most affected by HAβ5 overexpres-
sion, but had only modest effects on the other parameters 
(Supplemental Table S1 and Figure 4). The high rate of microtubule 
shortening, the high frequency of long uninterrupted shortening 
events, and the ability of paclitaxel to reverse these consequences 
of HAβ5 overexpression would seem to argue that these changes in 
microtubule behavior are responsible for the low amount of polym-
erized tubulin in HAβ5-overexpressing cells. However, it should be 
noted that paclitaxel concentrations as low as 10 nM were able to 
substantially reduce the shortening rate (Figure 4) and the frequency 
of long uninterrupted shortening events (Supplemental Table S1), 
yet were not able to rescue cell division or normalize polymerized 
tubulin levels in HAβ5ptx (Supplemental Figure S2). We therefore 
conclude that changes in dynamic instability may contribute to the 
phenotype of HAβ5-overexpressing cells, but they are not 
sufficient.

Depletion of β5-tubulin suppresses microtubule dynamics
If the increased shortening rate and lower frequencies of catastro-
phe and rescue seen in HAβ5ptx microtubules were due to the over-
expression of β5-tubulin, we predicted that depletion of β5 in wild-
type cells should cause the opposite effects. To deplete β5-tubulin, 
CHO cells were transfected with pmCherry-cβ5 shRNA, they were 
transfected again at day 2 with EGFP-MAP4, and microtubule move-
ments were recorded by time-lapse microscopy at day 4. Trans-
fected cells were identified by their red nuclei created by the ex-
pression of the mCherry-H2B gene in the plasmid. In addition, 
transfected cells with low β5 expression were larger than normal and 
had a larger nuclear size because β5 depletion interferes with cell 
division (Bhattacharya et al., 2008). Life history plots showed that 
microtubules in β5-depleted cells also had significantly suppressed 
microtubule dynamics (Figure 3E). Unlike HAβ5ptx cells, however, 
microtubule shortening rates were about twofold lower than nor-
mal, whereas catastrophe and rescue frequencies were somewhat 
elevated (Supplemental Table S1 and 
Figure 4). These effects are just the opposite 
of those seen with HAβ5 overexpression 
and therefore strengthen the argument that 
the changes we measured in microtubule 
dynamic instability behavior are specifically 
caused by the modulation of β5 content. 
The more than fourfold difference in the mi-
crotubule shortening rate between HAβ5-
overexpressing cells and β5-depleted cells 
indicates that this is the parameter that is 
most sensitive to changes in β5 content. In 
addition, long uninterrupted shortening 
phases, which occurred at high frequency in 
HAβ5-overexpressing cells and were occa-
sionally observed in wild-type cells, were 
exceedingly rare in β5-depleted cells (Sup-
plemental Table S1).

One curious finding was the observation 
that the overall microtubule dynamics ap-
peared to be suppressed both in β5-
overexpressing cells that had few microtu-
bules and in β5-depleted cells that had 
abundant stable microtubules. We do not 
currently understand the basis for this phe-
nomenon, but we note that drugs able to 
promote or inhibit microtubule assembly 
also suppress microtubule dynamics by an 

FIguRE 5: β5-Tubulin affects the number of GTP remnants. (A) Untransfected wild-type CHO 
cells, HAβ5ptx cells grown 2 d without paclitaxel (−), HAβ5ptx cells maintained in 100 nM 
paclitaxel (+), and CHO cells 4 d after transfection with shRNA to deplete β5 were permeabilized 
and stained with antibody hMB11 that recognizes the GTP-bound conformation of β-tubulin 
(red). The cells were then fixed in methanol and stained with antibodies to α-tubulin (green) 
except for the β5shRNA cells, which were treated instead with an antibody specific for β5-
tubulin (also green). The absence of green microtubules in these latter cells indicates that they 
are depleted of β5. Other, presumably nontransfected, cells in the population stained positively 
for β5 (not shown). Bar, 5 μm. (B) For each of the indicated cells and treatments, the number of 
GTP remnants were counted and divided by the microtubule length. A total of 30 peripheral 
microtubules in five separate cells were measured for each experiment. The values represent the 
mean ± SEM; *, P < 0.01.
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quantify microtubule detachment in HAβ5-
expressing cells treated with even higher 
concentrations of paclitaxel or in wild-type 
cells depleted of β5-tubulin, we concluded 
that both treatments reduced microtubule 
detachment to near zero because we failed 
to see any such detachments in five sepa-
rate cells observed for 5 min each and be-
cause we did not find any significant num-
ber of microtubule fragments that normally 
result from detachment events in hundreds 
of cells examined by immunofluorescence.

To test whether alterations in microtu-
bule detachment or dynamics play the more 
critical role in affecting the ability of cells to 
divide, the percentage of cells that were 
large and multinucleated (a measure of 
whether they had problems in cell division) 
and the percentage of cells with at least five 
microtubule fragments (a measure of ele-
vated rates of microtubule detachment) 
were plotted at a series of paclitaxel con-
centrations. The results showed that multi-
nucleation of HAβ5-expressing cells was 

prevented at the same relatively high drug concentrations that pre-
vented microtubule fragments from forming (Figure 7). In contrast, 
the ability of paclitaxel to reduce the microtubule shortening rate 
occurred at much lower drug concentrations that did not restore 
normal cell division. We conclude that the ability of elevated β5 to 
inhibit cell division is principally caused by its ability to stimulate 
microtubule detachment from centrosomes and that paclitaxel is 
able to reverse this effect at the same concentrations that rescue cell 
division.

DISCUSSION
Vertebrate β-tubulins can be sorted into two groups based on their 
protein sequence homology (Sullivan, 1988). Members of one group 
(β1, β2, β4a, and β4b) are highly conserved and differ by only 8–11 
amino acids outside of their hypervariable C-terminal tails. Mem-
bers of the second group (β3, β5, and β6) are much less well 

HAβ5 overexpression induces microtubule detachment 
from centrosomes
Although we found that the β5-tubulin content played a very sig-
nificant role in determining the dynamic behavior of microtubules, 
the changes that we measured appeared to be insufficient to ex-
plain the highly disrupted microtubule cytoskeleton of cells that 
overexpress HAβ5. This conclusion is most strikingly supported by 
the observation that 10 nM paclitaxel, a concentration that reversed 
the elevated shortening rate and the frequent uninterrupted depo-
lymerization phases exhibited by microtubules in HAβ5-
overexpressing cells, was insufficient to restore a normal level of 
microtubule polymer, prevent the formation of microtubule frag-
ments, or allow the cells to divide (Supplemental Figure S2). In other 
recent studies, we found that some tubulin mutations produce a 
disrupted microtubule cytoskeleton similar to that seen in HAβ5-
overexpressing cells, and showed that the microtubule fragments 
formed because of an increased frequency of microtubule detach-
ment from centrosomes (Ganguly et al., 2010). To determine whether 
overexpression of HAβ5-tubulin disrupts microtubules by a related 
mechanism, we carried out time-lapse microscopic studies in the 
centrosomal area of wild-type and HAβ5ptx cells incubated without 
paclitaxel. As shown in Figure 6A, microtubules detached in a simi-
lar manner in wild-type and HAβ5-overexpressing cells. Detached 
microtubules persisted for varying lengths of time, continued to 
grow and shorten from the plus end, but only displayed periods of 
pause or shortening from the minus end as has been reported be-
fore (Keating et al., 1997; Ganguly et al., 2010; Yang et al., 2010). In 
agreement with previous studies (Ganguly et al., 2010; Yang et al., 
2010), we found no evidence for fragment formation by microtubule 
nucleation away from the centrosome and found only very rare in-
stances of lateral microtubule breaks. Moreover, neither of these 
events increased in frequency with HAβ5 overexpression.

The frequency of microtubule detachment was low in untreated 
wild-type cells but increased more than 10-fold in the HAβ5-
expressing cells (Figure 6B). Low concentrations of paclitaxel that 
were able to suppress microtubule dynamics (Table S1) had no ef-
fect on microtubule detachment (Figure 6B). Although the very high 
density of microtubules around the centrosome made it difficult to 

FIguRE 6: Microtubule detachment from centrosomes. (A) Wild-type and HAβ5ptx cells were 
transfected with EGFP-MAP4 and grown without paclitaxel for 16 h. Live cell images were 
obtained at 5-s intervals using a 100× objective and then deconvolved to enhance contrast. The 
relative times of the clips in the time-lapse sequence are shown. Asterisks mark the position of 
the centrosome. Microtubules detaching from the centrosome are shown in red and green. 
Arrows point to the minus ends of microtubules that detached during the 25-s sequence. (B) The 
number of detachments per minute was calculated by observing five to six cells for 5 min each. 
HAβ5ptx cells (HAβ5) were also treated with 100 nM paclitaxel (Ptx), but no detachments were 
seen under those conditions. Similarly, no detachments were seen in wild-type cells (WT) 
depleted of β5. Note that naturally occurring multinucleated cells (MN) had a similar rate of 
microtubule detachment as wild-type cells. The values represent the mean ± SD; *, P < 0.01. 
Scale bars, 5 μm.

FIguRE 7: Abnormal cell division correlates with the presence of 
microtubule fragments. HAβ5ptx cells were grown for 2 d in the 
absence and presence of increasing concentrations of paclitaxel. The 
cells were then fixed and stained with anti-HA antibodies and DAPI. 
The percentage of multinucleated cells (open squares) and the 
percentage of cells with more than five microtubule fragments (closed 
circles) were plotted against the paclitaxel concentration. Also plotted 
are the microtubule shortening rates (open circles) at each drug 
concentration (see Supplemental Table S1). Note that the shortening 
rate at 10 nM paclitaxel (marked with an asterisk) is similar to the 
shortening rate for untreated wild-type cells (see Supplemental Table 
S1), yet multinucleation is unchanged.
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interactions within the microtubule lattice or by other unknown 
mechanisms. We propose that GTP remnants may be dynamic re-
gions that disappear when the lattice is stressed in such a way as to 
weaken subunit interactions, but reform in a cooperative manner 
when a critical number of subunit interactions force tubulin into its 
straight conformation. The incorporation of β5 might loosen the in-
teractions within the lattice, thereby increasing the frequency at 
which tubulin relaxes into its “curved” assembly-unfavorable con-
formation and making it more difficult to establish areas with tubulin 
in the straight conformation. Together, these changes would serve 
to limit the number and size of GTP remnants.

In other studies, we reported that the effects of β5 on microtu-
bule stability could be traced to a single S239 residue (Bhattacharya 
and Cabral, 2009). This residue is a cysteine in isotypes β1 and β4b 
that make up 95% of the β-tubulin in CHO cells. C239 is very close 
to C354 when group 1 isotypes are in their assembly-competent 
“straight” conformation, and we previously speculated that their in-
teraction might be involved in maintaining this conformation (Bhat-
tacharya and Cabral, 2009). By this reasoning, the 5% β5-tubulin 
normally present in CHO cells could be introducing instability into 
the microtubule lattice because it is unable to form the C239/C354 
interaction. This would explain the increase in GTP remnants and 
the hyperstabilization of microtubules that we saw in β5-depleted 
cells. It would also explain the loss of GTP remnants, and the in-
creased depolymerization rates and distances, when HAβ5 was in-
corporated in high abundance into the microtubule lattice.

Despite the potent effects of β5 on microtubule dynamics, those 
changes are insufficient to explain the ability of β5 to disrupt micro-
tubules because 10 nM paclitaxel largely reversed the effects on 
dynamic instability as well as the rapid and uninterrupted shorten-
ing of microtubules in HAβ5-overexpressing cells, but it did not 
eliminate microtubule fragments or allow cell division. A 10-fold-
higher (100 nM) concentration of paclitaxel was needed to reverse 
these latter defects, indicating that fragments produced by micro-
tubule detachment from centrosomes play an essential role in the 
mechanism by which β5-tubulin disrupts the microtubule cytoskel-
eton. Microtubule detachment has also been implicated in the abil-
ity of mutant β1-tubulins to confer paclitaxel resistance and depen-
dence (Ganguly et al., 2010) and in the action of microtubule 
disruptive drugs that inhibit cell division (Yang et al., 2010). It ap-
pears to be a natural but low-frequency process that was previously 
observed in PtK1 and L929 cells (Keating et al., 1997; Abal et al., 
2002).

The mechanism responsible for microtubule detachment is un-
kown. One possibility is that microtubules are occasionally pulled 
away from the centrosome by mechanical stress or other forces. We 
do not currently favor this possibility because we have thus far found 
no evidence for the presence of centrosomal proteins at the minus 
ends of detached microtubules, and because the rate of microtu-
bule detachment rises at prophase, suggesting that it is a regulated 
process required for spindle formation and cell division (Yang et al., 
2010). Instead, we favor the idea that microtubule detachment re-
quires the action of centrosomal proteins that become activated 
upon entry into mitosis. The observation that increased microtubule 
detachment is induced by drugs (Yang et al., 2010), changes in tu-
bulin isotype composition (the studies described here), or diverse 
mutations in β1-tubulin (Ganguly et al., 2010) suggests that the pro-
cess does not depend on specific enzyme/substrate recognition 
sequences. Rather, we speculate that destabilizing or severing pro-
teins at the centrosome may be better able to disrupt microtubules 
that contain imperfections in the lattice introduced through multiple 
pathways.

conserved and differ at 21–85 residues outside of their C-terminal 
tails. By overexpressing each individual isotype in CHO cells under 
the control of an inducible promoter, we previously showed that β1, 
β2, or β4b had no effect on cell proliferation, microtubule assembly, 
or cell sensitivity to paclitaxel (Blade et al., 1999). With β4a overex-
pression, only subtle effects were seen: low expression sensitized 
the cells to paclitaxel because of a presumed increase in drug bind-
ing affinity, but the increased sensitivity was lost at higher expres-
sion because of weak paclitaxel resistance induced by weak inhibi-
tion of microtubule assembly (Yang and Cabral, 2007). Overexpression 
of β3, a neuronal and testis-specific tubulin isotype (Luduena, 1998), 
produced a somewhat larger effect: moderate expression reduced 
microtubule assembly and conferred weak paclitaxel resistance, 
whereas high expression caused a greater disruption of the microtu-
bules and made the cells dependent on paclitaxel for cell division 
(Hari et al., 2003). The largest effects reported to date, however, 
were associated with β5. Even relatively low overexpression of this 
isotype inhibited microtubule assembly and conferred paclitaxel re-
sistance; moderate expression strongly disrupted the microtubule 
cytoskeleton, left behind only a few long microtubules as well as 
many smaller fragments, and conferred paclitaxel dependence 
(Bhattacharya and Cabral, 2004). Despite the toxicity caused by β5 
overexpression, it is an isotype that is expressed in most tissues at 
low levels (Sullivan et al., 1986) and it is essential for cell division in 
CHO and other cultured cell lines (Bhattacharya et al., 2008).

In an effort to understand the basis for β5’s ability to disrupt mi-
crotubule assembly, we overexpressed β5 and found that it doubled 
the rate of shortening. We envisage a simple mechanism to explain 
this. CHO cell microtubules are composed of 70% β1, 25% β4b, and 
5% β5 (Ahmad et al., 1991; Sawada and Cabral, 1989). Because β1 
and β4b differ at only eight internal residues (i.e., exclusive of the 
C-terminal tail), microtubules constructed with only these two sub-
units would be expected to have a good “fit,” that is, longitudinal 
and lateral interactions would be maximized. The introduction of β5 
subunits, which differ from β1 and β4b at roughly 30 internal resi-
dues, would weaken the microtubule lattice by introducing areas of 
imperfect fit. At low stoichiometry (e.g., 5% in CHO cells), these 
imperfections would make the microtubules less stable and better 
able to remodel; but when present at too high a level, would cause 
microtubule disruption (Bhattacharya and Cabral, 2004) by facilitat-
ing the loss of subunits.

This model is supported by our observations on the presence of 
“GTP remnants.” These remnants represent regions of the microtu-
bule that retain β-tubulin in an assembly-competent conformation 
and have been suggested to act as sites where rescue, the transition 
of shortening microtubules to a growth or pause phase, can occur 
(Dimitrov et al., 2008). Our data support this interpretation: in-
creased β5 diminishes these remnants and produces long uninter-
rupted microtubule shortening events, whereas β5 depletion in-
creases GTP remnants and produces microtubules that exhibit only 
very brief episodes of depolymerization.

Exactly how β5 controls the existence of GTP remnants is not 
clear. It is unlikely that β5 is depleted in GTP remnants relative to the 
remainder of the microtubule because numerous immunofluores-
cence studies of cell lines with either low or high expression of β5 
have failed to show any noncontinuous distribution of this isotype 
along the microtubule lattice. Given that the antibody recognizes 
the conformation rather than the nucleotide-bound state of 
β-tubulin, the GTP remnants could represent tubulin subunits that 
actually retain GTP (implying that β5 facilitates GTP hydrolysis) or 
they could more simply be composed of tubulin that is locked into 
its “straight” assembly-favorable conformation by subunit–subunit 
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described before (Bhattacharya et al., 2008). Most experiments 
were performed 4 d after transfection to allow for the depletion of 
preexisting β5-tubulin. To measure acetylated tubulin in cells with 
reduced β5-tubulin, CHO cells were transfected with pHygro/U6-β5 
and then selected in presence of 500 μg/ml hygromycin for 6–7 d to 
kill untransfected cells and enrich for cells with low β5-tubulin con-
tent. For live cell imaging experiments, cells were transfected with 
EGFP-MAP4, and microtubules were viewed 24–48 h later. For 
quantification of acetylated tubulin, Western blots were probed with 
antibodies to acetylated tubulin and to actin as described below.

Immunostaining
Cells on glass coverslips were extracted with microtubule stabilizing 
buffer (20 mM Tris-HCl, pH 6.8, 1 mM MgCl2, 2 mM EGTA, 0.5% 
Nonidet P-40) containing 4 μg/ml paclitaxel (Sigma-Aldrich, St. 
Louis, MO) for 2 min at 4°C. After fixation in methanol at –20°C for 
15 min, the cells were rehydrated in phosphate-buffered saline (PBS) 
for 15 min and incubated in PBS containing 1:50 or 1:200 dilutions 
of primary antibodies for 1 h at 37°C in a humid chamber. The cov-
erslips were then washed in PBS and incubated for 1 h in 1:50 dilu-
tions of Alexa 488-conjugated goat anti–rabbit or Alexa 594-conju-
gated goat anti–mouse immunoglobulin (Ig)G (Invitrogen) containing 
1 μg/ml DAPI. After washing in PBS, the coverslips were inverted 
onto 10 μl of Gel/Mount (BioMeda, Foster City, CA) and viewed by 
epifluorescence using an Optiphot microscope (Nikon, Melville, 
NY). Images were obtained with a MagnaFire color digital camera 
(Optronics, Goleta, CA). The antibodies used included mouse 
monoclonal DM1A (Sigma-Aldrich) against α-tubulin, affinity puri-
fied rabbit antibodies prepared against the C-terminal peptide of 
rodent β5-tubulin (gift of Anthony Frankfurter, University of Virginia), 
a rabbit polyclonal antibody against the HA-tag (Bethyl Labs, Mont-
gomery, TX), mouse monoclonal antibody (mAb) 611B1 (Sigma- 
Aldrich) against acetylated α-tubulin, rabbit polyclonal X2 against 
α-tubulin (Gundersen et al., 1984), mouse mAb C4 against actin 
(Millipore, Billerica, MA), humanized recombinant antibody hMB11 
against the GTP-bound conformation of tubulin (Dimitrov et al., 
2008), and various secondary antibodies (Invitrogen).

For experiments using the tubulin conformation-sensitive anti-
body hMB11, we modified a previously described procedure 
(Dimitrov et al., 2008). Cells attached to glass coverslips were pre-
extracted 2 min in a low ionic strength PEMGlow buffer (20 mM 
PIPES, pH 6.8, 2 mM MgCl2, 2 mM EGTA, and 10% glycerol) con-
taining 0.1% Triton X-100. The coverslips were then inverted onto 10 
μl of higher ionic strength PEMGhigh buffer (100 mM PIPES, pH 6.8, 
2 mM MgCl2, 2 mM EGTA, and 10% glycerol) containing 0.2% bo-
vine serum albumin (BSA) and hMB11 (1:400 dilution) and incubated 
in a humid chamber at 37°C for 15–20 min. After washing gently in 
PEMGhigh buffer three times, the coverslips were incubated with Al-
exa 594-conjugated anti–human IgG (1:50 dilution) in PEMGhigh 
containing 0.2% BSA for 15 min, washed three times with PEMGhigh, 
and fixed at –20°C in methanol. Subsequent staining with other an-
tibodies was carried out as described above for fixed cells.

Live cell imaging
Cells on 22-mm circular glass coverslips were transiently transfected 
with EGFP-MAP4. At 24–48 h posttransfection, the coverslips were 
inverted onto indented glass slides (Fisher Scientific, Pittsburgh, PA) 
filled with McCoys 5A media containing 25 mM HEPES (Mediatech, 
Manassas, VA) and sealed using sterilized vacuum grease. Microtu-
bules were visualized using the 100× oil objective on a DeltaVision 
Core imaging system (Applied Precision, Issaquah, WA) maintained 
at 37°C. Images were obtained at 5-s intervals for 50 or 100 frames.

The results of this study indicate that β5-tubulin affects critical 
aspects of microtubule behavior. The small amount of β5-tubulin in 
CHO and other cells may be needed to maintain microtubule plas-
ticity as indicated by the observation that β5 depletion hyperstabi-
lized microtubules and inhibited cell division (Bhattacharya et al., 
2008). On the other hand, too much β5 production, as seen in 
HAβ5-overexpressing cells, made the microtubules too unstable 
and again inhibited cell division. It is of interest that nondividing 
neuronal cells lack β5 but express β3, another group 2 β-tubulin 
isotype that has the Ser-239 residue and is capable of disrupting 
microtubule assembly (Hari et al., 2003). It is tempting to speculate 
that β3 may play a β5-like function in neuronal cells, but if so, it is 
unlikely to be an exact replacement. We have found that β3 disrupts 
microtubule assembly much more weakly than β5 (Hari et al., 2003), 
and our attempts to rescue β5-depleted cells with β3 have been 
unsuccessful (Bhattacharya and Cabral, unpublished studies). These 
isotype replacement experiments are difficult and could have failed 
for technical reasons, but we favor the idea that β3 and β5 may have 
overlapping but nonidentical functions. We further suggest that tis-
sues may use different tubulin isotype compositions to satisfy a 
need for different microtubule properties. Unlike regulation by mi-
crotubule-interacting proteins that may exert localized or transient 
effects on microtubule behavior, the expression of different tubulin 
isotypes with their long half-lives is better suited for the more per-
manent specification of microtubule assembly properties. Thus β5 
may be needed for producing the more dynamic mitotic microtu-
bules of dividing cells, whereas β3 may be more suited for the pro-
duction of axonal microtubules in nondividing neuronal cells. The 
existence of β-tubulin isotypes that can modulate microtubule be-
havior and are either widely or narrowly expressed suggests that 
cells may be able to dictate microtubule properties by specifying 
the ratio of β-tubulin isotypes that they express.

MATERIALS AND METHODS
Plasmids and constructs
pTOP-HAβ5 (Bhattacharya and Cabral, 2004) expresses an HA-
tagged mouse β5-tubulin cDNA (GenBank Accession No. BC008225) 
under the control of a tetracycline-regulated promoter. Plasmid 
pBSU6-cβ5 that transcribes shRNA targeting CHO β5-tubulin and 
pHygro/U6-cβ5, a similar plasmid that additionally encodes a hygro-
mycin-resistance gene, were previously described (Bhattacharya 
et al., 2008). pmCherryH2B-cβ5, which coexpresses mCherry-H2B 
and the β5-shRNA, was constructed by excising the U6 promoter 
and shRNA template from pBSU6-cβ5 and inserting it into the plas-
mid pmCherryC3-H2B (kind gift from Wei Jiang, Burnham Institute). 
A plasmid that expresses EGFP-MAP4 (Olson et al., 1995) came 
from Joanna Olmsted (University of Rochester) and a plasmid able 
to express EB1-GFP (Piehl and Cassimeris, 2003) was obtained 
through Addgene (Cambridge, MA).

Transfected cell lines
HAβ5c8, a stably transfected CHO cell line that expresses HAβ5-
tubulin under the control of a tetracycline-regulated promoter was 
previously described (Bhattacharya and Cabral, 2004). This cell line 
grows normally when HAβ5 expression is repressed by the presence 
of tetracycline but requires paclitaxel for proliferation when tetracy-
cline is removed. To obtain cells able to divide normally while ex-
pressing HAβ5-tubulin, HAβ5c8 was maintained in 300 nM pacli-
taxel without tetracycline to obtain cell line HAβ5ptx. The two cell 
lines had a similar high level of HAβ5 expression. To deplete β5, 
wild-type CHO cells were transfected with pBSU6-cβ5 or 
pmCherryH2B-cβ5 using lipofectamine (Invitrogen, Carlsbad, CA) as 
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Changes in microtubule length with time were measured by 
opening an image stack in ImageJ (NIH, Bethesda, MD) and tracing 
individual microtubules in successive images from a fixed starting 
point using the line tool. Lengths were tabulated and graphed to 
obtain microtubule life history plots that could subsequently be 
used to calculate various parameters of dynamic instability. The 
minimum change in length that was recorded as a true growth or 
shrinkage event was 0.5 μm, and only microtubules that persisted 
for at least 120 s were used in calculating the dynamic parameters.

Nucleation assay
Cells grown on glass coverslips were incubated in media containing 
150 ng/ml colcemid for 2 h to depolymerize interphase microtubules. 
The coverslips were then washed three times in PBS and incubated in 
fresh media at 37°C. At different time points, coverslips were taken out 
and processed for immunostaining. In an alternative assay, cells were 
transfected with EB1-GFP and imaged every 5 s using a DeltaVision 
microscope. Nucleation events were measured by opening a stack of 
images in ImageJ and counting newly formed EB1-GFP comets in 
subsequent frames that traversed an annulus defined by two concen-
tric circles (3.5 and 7.5 μm diameter) around the centrosome.

Electrophoresis and Western blots
Proteins from cells growing in 24-well dishes were solubilized in 1% 
SDS, precipitated with 5 volumes of 4°C acetone, resuspended in 
sample buffer (0.0625 M Tris-HCl, pH 6.8, 2.5% SDS, 5% 2-mercap-
toethanol, 10% glycerol), fractionated on a 7.5% polyacrylamide 
SDS minigel, and transferred to PROTRAN nitrocellulose mem-
branes (Schleicher and Schuell, Keene, NH). The membranes were 
blocked by incubating 1 h in PBST (PBS with 0.05% Tween 20) with 
3% dry milk. After washing in PBST three times, the membranes 
were incubated 1 h in acetylated α-tubulin–specific antibody 611B1 
(1:2000 dilution in PBST + 0.2% BSA) and actin-specific antibody C4 
(1:25000 dilution) to act as a gel-loading control. Following three 
washes in PBST, the blots were incubated 1 h in Alexa 647-conju-
gated goat anti–mouse IgG (1:2000 dilution) and washed in PBS. 
Reacting protein bands were detected by capturing fluorescence 
emission on a STORM 860 imager (Molecular Dynamics, Sunnyvale, 
CA). Relative levels of acetylated tubulin among different cell lines 
were determined by comparing their ratios of acetylated α-tubulin 
to actin. Mouse mAb 18D6 against the highly conserved N terminus 
of β-tubulin (1:5000 dilution) (Theodorakis and Cleveland, 1992) or 
the polyclonal antibody against the rodent β5-tubulin (1:10,000 di-
lution) were used to detect levels of total β-tubulin or β5-tubulin, 
respectively.
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